UNCLASSIFIED 
AD  NUMBER 


AD091769 

CLASSIFICATION  CHANGES 

TO: 

unclassified 

FROM: 

confidential 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release,  distribution 
unlimited 


FROM: 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors;  Foreign 
Government  Information;  NOV  1955.  Other 
requests  shall  be  referred  to  the  British 
Embassy,  3100  Massachusetts  Avenue,  NW, 
Washington,  DC  20008. 

AUTHORITY 

DSTL,  AVIA  6/18020,  10  Dec  2008;  DSTL, 
AVIA  6/18020,  10  Dec  2008 


THIS  PAGE  IS  UNCLASSIFIED 


1 


UNCLASSIFIED 


*>« 


ws&sxd'&tam  rwi  i  ■  nn— i 


by  Ute 


ARMED  SERVICES  TECHNICAL  INFORMATION  AGENCY 
ARLINGTON  HALL  STATION 
ARLINGTON  12,  VIRGINIA 


DOWNGRADED  AT  3  IE/J’  INTERVALS: 
DECLASSIFIED  AI-TEE  12  TEARS 

DOD  DIR 


TO 

V.  •  JJv 


tzptev; 


UNCLASSI 


V  if  ]!?  !| 


D 


*•  ***•  ops 


Reproduced  by 

DOCUMENT  SERVICE  CENTER 

SNOTT  BUILDING,  DAYTON,  2,  OHIO 


3  document  is  the  property  of  the  United  States  Government.  It  is  furnished  for  the  du- 
f  :>f  the  contract  and  3hall  be  returned  when  no  longer  required,  or  upon  recall  by  ASTIA 

following  address:  Armed  Servlets  Technical  Information  Agency, 
1  :ient  Service  Center,  Knott  Building,  Dayton  2,  Ohio. 


:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
:  D  FOR  ANT  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A  Dr. FINITELY  RELATED 
IMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
I'ONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
'ME NT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
A  WINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
NTION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
i  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
\  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


i  *  -  — ■»-  .*y,i 

i  am  , 

*  ‘  ■  +-J  .  *V'  *  ***• 

"  ’  • 

I)  _*****--•. 

I  I  - 


NOTICE;  THIS  DOCUMENT  CONTAINS  INFORMATION  AFFECTING  THE 
NATIONAL  DEFENSE  OF  THE  UNITED  STATES  WITHIN  THE  MEANING 
OF  THE  ESPIONAGE  LAWS,  TITLE  18,  U.S.C.,  SECTIONS  793  and  794. 
THL  TRANSMISSION  OR  THE  REVELATION  OF  ITS  CONTENTS  IN 


ANY  MANNER  TO  AN  UNAUTHORIZED  PERSON  IS  PROHIBITED  BY  LAW. 


HfcPORT  ' 

AERQ.2561 


REPORT 

AORO.2561 


,  (  ^  :/#/;>  #r  &*.<  !  ^ 


o 


/.A 


J  ,  ;';i' -  '  flr* 

CONFIDENTIAL .  DISCREET  !r"  , 


.  f’V  W’ 

■„  *;:  $ .  ‘  vr 


v  .:v, 


.V.  . 

....  UiD'J&lL  IJMSiriAIDILU3IU)A 

*  '  •  ^  a  ji  >  j  |  o  A  0  U  G  H  ,  H  A  M  T  i 


:  u. 


REPORT  No:  AER0.2561 


THE  CALCULATIONS  OF  THE 

DERIVATIVES  INVOLVED  IN  THE 
DAMPING  OF  THE  LONGITUDINAL 
SHORT  PERIOD  OSCILLATIONS 

OF  AN  AIRCRAFT  AND  CORRELATION  WITH  EXPERIMENT 

by 


H.H.B.M. THOMAS.  B.Sc.  A.F.R.Ac.S.  *nd 


B.F.R. SPENCER. 

■  *  Vt«  *. 


NOVEMBER,  1955 


)  'J’+hfftUI  \  *M*  «•  rS, 

rU  A  '’ty.t'i  '  )  '»-*  '."'S*;  *  <1  Af**0  ^  '0 
>«»»  •«»*  »  '"•  t*l.j  fit 

r(,»  »*?»  **  • !  t  -4  *>*  '•»  »  »**  *  »  J  '>»  •-»**.>•>**»■  »  >W»  9*  •** 

»  I)  -ft*'*  *  **■!»#«*•*  •  "  •»  •**  «»» I  •  *M 

'».*  W*'»  f»  ♦»«••**!  V 

•  i  •  ”i  *  .*  ■rt(  9*  •  '«••••  #«»»•*  «*"•»  *»■*'* 

i;  )M  »*  t1»  -Vi*”  'I  #  «.*  *  «* 

i  «  *'•*' »  ii*"'**  •  t  ■  %  >  *«■««♦  »  i  #•*»  *M 


fk 

r 

**•  « 
or  - 

*  t  * 

,+  "5  '  ■■* 

•  'i  J, 


”  o 
'  0 

*  iT 

*  / 

•  )  *> 


fi  :1  «*:#»’*•* 


» 


C  tf  •  <  •* 

i •»  •  In11  •*) 


CONFIDENTIAL  -  DISCREET 


Best 

Available 

Copy 


SUMMARY 

Apart  from  an  attempt  to  calculate  the  contribution  of  a  tailplane  to 
the  damping  in  pitch  of  an  aircraft  over  the  3peed  range  this  note  i3  a 
review  of  the  existing  information  on  the  subject,  from  both  experimental 
and  theoretical  sources. 

A  comparison  of  theory  and  experiment  seem3  to  indicate  tliat  theory 
gives  a  fairly  reliable  estimate  of  trends.  There  are  a  number  of  points 
requiring  further  investigation,  and  these  are  brought  out  in  the  discussion 
and  conclusions  at  the  end  of  the  paper. 

The  main  conclusion  to  be  drawn  from  the  available  information  is  that 
tailless  aircraft,  having  leading  edge  sweep  of  les3  than  55°  or  thereabouts, 
and  of  moderate  or  large  aspect  ratio,  are  almost  certain  to  suffer  some 
loss  of  damping  in  the  transonic  speed  range,  the  severity  of  this  loss 
depending  on  the  sweep,  the  aspect  ratio,  the  moment  of  inertia  in  pitch, 
and  the  relative  density  p. 

It  seems  likely  that  the  addition  of  a  tailplane  in  a  suitable  position 
would  remove  moot,  if  not  all,  of  this  loss,  but  this  requiri v  further 
investigation  particularly  as  regards  incidence  effects. 
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Until  aircraft  flew  transonically  the  damping  of  the  short  period ,  (high 
frequency)  oscillatory  mode  of  art  aircraft  was  normally  so  good  that  the 
derivatives  governing  it  had  been  studied  but  little.  Recent  flight 
experience  revealed  a  serious  loss  of  damping  in  pitch  of  the  short  period 
oscillation  at  transonic  speeds,  and  resulted  in  an  increased  interest  in 
the  stability  derivatives  involved,  _  ;  /AA-i 

In  general,  the  forces  and  moments  acting  on  an  aircraft  depend  on  the 
time  history  of  the  motion  in  addition  to  the  instantaneous  values  of  the 
variables,  and  the  importance  of  this,  particularly  for  flight  at  transonio 
speeds,  has  become  widely  .recognised.  Accordingly,  the  derivatives  dis¬ 
cussed  in  this  pap'or  are  oscillatory  derivatives  (pertaining  striotly  to 
simple  harmonic  motion)  (as  discussed  by  Neumark  and  Thorpe,  117).  For  sub¬ 
sonic  and  supersonic  speeds  sufficiently  removed  from  that  for  Hach  number 
unity  the  dependence  of  the  derivatives  on  the  "reduced"  frequency 

(~f>  is  such  that  for  the  frequency  range  of  interest  in  aircraft 
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stability  the  derivatives  themselves  may  be  regarded  a3  constant,  but  theory 
hand  experiment  indicate  that  at  transonic  speeds  the  frequency  has  a  pro¬ 
nounced  effect  on.  the  value  of  soma  derivatives.  .  -m.  ViStj 
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The  last  few  years  have  seen  the  development  of  theories  for  calcula¬ 
ting  the  appropriate  derivatives  to  various  degrees  of  approximation  at 
subsonic,  sonic,  arid. super  sonic  speeds.  At  the  same  time  such  derivatives 
have  been  measured  using  different  experimental  techniques  for  a  number  of 
wings,  and  for  complete  iircraf t.  The  stage  has  been  reached  now  when  a 
review  of  the  present  ntate  of  knowledge,  and  its  implications  for  aircraft 
design,  is  desirable,  ,  This  is.  the  object  of  the  present  note.  ‘  t-SS-A 

.*  .  tv ».y:  jL*ts  . .c  ..  ,/*l**-*f-  •*'  •  "j^S  >10  .piihptluh 

„•  In  addition,  an  advance  on  the  theoretical  side  i3  made,  by  an  approxi¬ 
mate  calculation  of  the  damping .  contribution  of  a  tailplane  operating  behind 
a  wing  in  oscillatory  flow.  The  results  are  compared  with  the  currently 
vised  simple  steady  downwash  delay  approximations.  No  experimental  data  is 
available  for  comparison.  v\  ....  ..vvli’nvi'teo 

•  ‘  .«  .  -  1  ...  .  .  •  *  A.  as  JLhiEPJti at<RC 
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2  Derivatives  involved  in  the  damring  of  the  short  period  longitudinal 
oscillation  _  _ 

The  equations  of  motion  of  an  aircraft  assuming  the  forward  speed 
remains  constant  (or  neglecting  the  jhugoid  motion),  and  in  the  usual  moving 
wind-body  axes  system,  are  (see,  for  example,  Ref,  T17), 
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The  deteraunantal  equation,  in  its  general  foxtn,  readily  follows 
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It  will  be  seen  later  that  the  derivatives  zq  and  kiq  are  at  most  only  of 
the  order  <£■,  and  the  available  experimental  data  do  not  enable  a  numerical 
assessment  of  these  derivatives  to  be  made.  If  on  this  basis  we  are  prepared 
to  neglect  these  the  only  derivatives  involved  in  the  damping  of  the  short 
period  oscillation  are  those  contained  in  the  expression  for  Rj,  and  of 
these  we  may  ignore  the  effeots  of  and  zq  as  these  are  divided  by  |i, 
usually  large.  It  should  be  stressed  that  given  a  full  knowledge  of  the 
derivatives  it  is  neither  necessary  nor  perhaps  desirable  to  make  these 
approximations.  :  1  .  n;  >  -o  Ins  - 

A-..-.—  u  usi  ;-:i"  j  si.  v.i  xrr^.s  u:  eai  do  roivox 

Accepting,  for  the  moment,  this  approximate  approach  we  find  that  the 
damping  depends  on  three  derivatives  m^,  and  m^.  Purthennore,  the 
latter  two  occur  in  combination  as  the  3um  of  the  two  derivatives-  which  can 
be  shown  to  be  equal  to  the  pitching  derivative  m^,  in  the  fixed  axBs  system. 

,'y  v  j.  >.  . *r  .>.■  \*  '^vi-i-tJUtoso  xct 

.  The  discussion  that  follows  is  therefore  mainly  concerned  with  these  two 
derivatives  z^,  and  ml,  but  unavoidably  other  derivatives  enter  into  the 
relationships  giving  the  dependence  of  and  m#  on  axis  position.  The 
transfer  from  one  axis  to  another  is  a  vciy  common  adjustment  to  be  applied 
to  test  results  for  their  application  to  r, Jr  draft  design,  of  which  we  shall 
say  more  later.  .f  •'*>  ' 

.  In  the  absence  of  detailed  ijifox-natioji  on  the  offeot  of  frequency  we 
shall  be  assuming  that  we  may  negleot  those  quantities  which  theory  indicates 
as  being  of  order  or  less. 

3  Wing  derivatives  (inviscid  theory,  -infinitely  thin  aerofoil) 


We  deal  first  with  the  isolated  wing.  Here  -we  have  available  theories 
which  assuma  generally  that  the  wing  is  infinitely  thin,  the  flow  is  ix.-'iscid, 
and  that  shook  waves  are  absent.  Asfther  simplifying  assumptions  introduced 
into  the  more  fully  developed  subsonic  and  supersonic  theory  make  necessary  a 
brief  account  of  theory  according  to  speed  regimes. 

3. 1  Wing  in  subsonic  oscillatory  flow 

In  tin  extension  of  his  subsonic  lifting  surface  theory  from  steady  flow 
to  oscillatory  flow  of  low  frequency,  Multhopp  (see  ref.  T6  by  Garner)  shews 
that  using  the  transformation 
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I(x,y,z,t)  =  U  f(x,y,a) 
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with  an  appropriate  choice  or  X  reduces  the  continuity  equation  to,  -JUQ&r 
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He  then  proceeds  to  negleot  the  last  tern,  arid  thereby  Reduces  the  problem  to 
the  solution  of  the  generalised  Laplace  equation,  *  . 


<,  ,f2v  a2!  a2!  b2! 
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It  in  important  to  nota  that  his  assumptions  go  further  than  a  mere  assumption 
of  lew  frequency,  since  i-  is  implied  that,  , .  ...  5 

«  1.  ‘ 

v  \[T^  .  - . « 

-  -  j  Tuuir.v 

u 

This  restricts  the  range  of  Mach  number  over  v/hich  the  theory  may  be  applied 
with  reliance.  .  •  ■  ,  ' 

• _ ClLL: _ '.  ..  S.  ;>  h’-Jx!  "JSLr-  a  H  .  ‘ 

The  next  'stage  in  the  calculation  is  the  setting-up  of  the  downwash 
equation  in  the  form  given  in  ref.  T 6.  This  in  turn  is  split  into  two  parta, 
see  equations  for  . Wj  and  W2  in  ref.  T6.  ..  The  influence. functions  involved 
in  the  two  equations  being  gi.ven.it  is  possible  to  reduce,  as.  was? done  in  the 
steady  flow  problem,  the  problem  to  the  calculation  of  the  local"  lift  and.  j 
pitching  moment  at  a  number  of  chardwise  sections  from  a  set  of  linear  equations 
satisfying  the  downwash  condition  at  two  points  of  each  section.  Details  cf 
the  analysis  and  computation  are  given  .in  ref.  T6.  .  - 

•  >  -  ■'  -  -•  •  .« j  \\  i  -  OW).  f  '  ■  ■ 

j5«2  Wing  in  oscillatory  flew  at  transonic  speeds 

We  have  mentioned  the  possibility  of  error  in  the  Multbopp  approach  as  the 
Mach  number  is  increased.  To  overcome  this  difficulty,  and  in  particular  to 
enable  him  to  deal  with  the  sonio  problem,-  Mangier,  ref.  T12,  returns  to  the 
unmodified  continuity  equation, 
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I  (the  enthalpy) 


1  (x,y,z)  e^ 


.*V...  i.CKVT 


Using  a  distribution  of  doublets  ovex-  the  wing  of  strength 
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we  then  obtain  for  J, 
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Introduction  of  I  into  the' Lint  of  the  Euler  equations  leada  to  the  down- 
wash  equation,  ^  1  _  (}l.  iT,...  ,  rj.  fl 
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where  H  =  h  +  can  be  written 
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where  L(x’,yf)  is  a  modified  loading. 
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"  ‘  a  form  which  gives  no  difficulty  a3  M  **•  1 .  A  further  transformation  enables 
';‘thQ  downsvash  equation  to  be  written  after  considerable  manipulation  in  the 

^t*.03™’ .  ,  .  -  *  •.fl  -  '  n  n  J.i  Oru.'cr.  , 


This  form  of  the  down\vaah  equation  embodies  no  restrictive  assumptions 
regarding  either  frequency  or  Mach  number.  In  aircraft  stability  wo  are 
interested  in  small  values  of  the  reduced  frequency,  u,  and  hence  wo  need 
only  retain  terms  of  the  first  order  In  the  dcwnwash.  This  simplifies  some¬ 
what  the  equation  for  the  dov.nwash,  .-hi oh  is  then  split  into  its  real  and 
imaginary  parts.  The  resulting  ocua cions,  in  forms  appropriate  to  each  of 
the  speed  regimes,  are  giver,  in  ref.  T12, 

Dy  means  of  those  equations  it  is  formally  feasible  to  con3truot  solu¬ 
tions  for  oscillatory  flow  throughout  the  Mnoh  aa?vw«  range,  provided  solu¬ 
tions  can  bo  obtained  to  the  problem  of  steady  flow  with  arbitrary  incidence 
distribution.  This  would  yisio.  &  continuous  theoretical  solution  fairing 
into  the  Multhopp  solution  at  lower  suhsonia  ?iach  lamrber,  passing  through  the 
sonic  solution,  and  fairing  into  the  o:dsting  .•  slut  Jons  on  the  supersonio 
side.  These  lattor  are,  of  course,  based  on  similar  assumptions  to  tho 
Multhopp  subsonic  solution,  lamely,  U:e  rree  stream  Mach  number  must  be 
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sufficiently  removed  from  unity,  and  the  reduced  frequency  small  enough  that V 
i’-nay  neglect  terms  involving 

*9X^-0- .-VI 

.  ,  *  y*  ■  .  ’  "  v'  - ,  v -v< 

*  '  To  { the  above  ocopreher^ve  theory  has*  only  been  applied,  to  a  parti- 
,  sular  family  of  wings  -  tho  delta.  -  and  even  then  only  at  aonio  speeds.  Recent 
experience  with  Multhopp* a  schema  for  the  solution  of  steady  flow  problems 
'suggests  that  it  is  sufficiently  accurate  to  be  used  in  tha  solution  of  the 
integral  equations  even  when  M  Is  quite  near  to  unity  (see  also  section  3.4). 
An  extension  of  the  theoretical  work  on  these  lines  would  undoubtedly  be 
..valuable,  since  the  scndv  solutions  show  that  the  derivatives  z$  aixl  and 

hence  z'q  and  ’ - ’  *  .....  ... 

does  a  term  log  «. 


depend  markedly  on  the  reduced  frequency,  containing. as.  it 
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3*  3  Wing  in  supersonic  oscillatory  flow 
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*  By  a  similar  argument  to  that  of  the  subsonic  case  but  with  obvious  modifi¬ 
cation  the  problem  of  an  oscillating  wing  in  supersonio  flow  sufficiently 
removed  from  sonic  can  be  reduced  to  steady  flow  problems.  The  usual  methods 
of  solving  steady  flow  problems  then  become  applicable,  and  we  have  derivatives 
which  are  independent  of  the  reduced  frequency,  see  references  T28,  31,  32,  33, 
36,  37,  39,  ¥>,  41,  45. 

3»4  Comparison  of  Multbonp^  subsonic  theory  with  other  theories 

||».  •*  V*  »  » «  yj 

Apart  from  the  Multhopp  scheme  of  calculation  for  wing 3  at  subsonio  speeds 
there  exists  an  extension  of  the  Falkr.er  lifting  surfaoe  theory,  ard  also  exten¬ 
sions  of  the  Lawrence  theory,  which  is  an  improved  slender  wing  theory.  These 
are  described  in  refs.  T9, 19,  T10,22.  In  addition,  the  “slender"  wing  theory 
gives  exact  results  in  tho  limiting  case  A  -*  0.  We  shall  now  compare  results 
based  on  these  theories  with  those,  obtained  using  Multhopp* s  method...  Garner,  has 
•already  provided  a  canparison  of  the  results  of  ref.  T9  (Lehrian)  with  results 
he  obtained  by  use  of  Multhopp* s  approach..  These  are  reproduced  here  a3  Fig.6. 

,  The  agreement  for  both  types  of  wing'  considered  is  very  good.  ‘V'.io  o.-j 

’  •  •  .• '  .;  ■  i  ..  .il.  1-  tv.<«  oh  .,..i  ircaxo 

In  ref.  T10  Iawrenca  and  Gerber  describe  a  method,,  which  like,  that  of  ref. 
19  (Lehrian)  deals  with  the  problem  in  more  general  terms,  there  being  no  .re¬ 
striction  on  tire  frequency  of  the  oscillation,  and  give  results  for  delta  wings 
of  various  aspect  ratio.  These,  converted  into  our  derivatives  z#,  ‘  aid.  m£, 
are  compared  with  results  based  on  Multhopp* s  theory  in  Pigs.  1,2,3.  Included 
on  tho  same  figures  are  results  in  the  limiting  case  A  0  ("slender  wing 
theory"),  see,  for  example,  ref,  ?49,  and  the  extension  of  Multhopp *3  method  to 
this  limit.  [This  is  to  be  discussed  more  fully  in  a  subsequent  paper.  ]  The 
various  results  are  in  close  agreement,  aid  it  is  particularly  encouraging  to 
note  the  smallness  of  the  error  .in  Multhopp* a  approach  even  when  extended  to 
tho  limit  A  ■+  0.  -  •  ■  ■' — 


Li 


The  lifting  surface  theory  duo  to  Lawrence  has  been  used  to  obtain  stabi¬ 
lity  derivatives  (i.e.  assuming  v  3mall),  end  tho  solutions  for  the  cropped 
delta  wing  family  have  been  largely  predigested  in  a  paper  by  Stone  (Ref.  T22). 
typical  results  for  delta  wings  are  given  in  Fig.4,  whilst  in  FAg.5  tha  values 
of  mq  for  wing  of  aspect  ratio  1.84S  for  various  axis  positions  are  compared 
with  results  based  on  Multhopp *s  method.  Tho  agreement  is  good  throughout  the 
entire  range  of  axis  position,  The  same  is  not  true  of  the  results  for  uy> 
of  a  cropped  delta  wing  (see  Pig, 6),  However,  Multhopp* s  theory  and  that  based 
on  the  Falkner  approach  arc  in  good  agreement  for  both,  tha  cropped  delta  wing 
and  the  arrowhead  wing,  of  Pig,  6, 

4  Tailplans  oontr-cu'  let:  the  damwirx  of  the  wing-tallnlane  combination 

Before  tha  advent  of  highly  swept  winged  aircraft  capable  of  transonic 
speeds  it  was  usual  to  make  quite  sweopiag  3 implications  in  the  calculations 
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Q\T  ’of*  tho  tailplane  contribution  to  This  was  usually  split  into  the  oon- 

tributions  to  m,  and  mi®  .For  the  first  of  these-  the  procedure  was  simply 

tL  rt  qtf  ■  *  *“  _•—» -  -  *  **  •<*■.  -  *  i*  * .  k\^ 

to  introduce  an  ad&itiorav.  incidence  at  the  tail  aerodynamic  centre#  v 

^This  leads  to  the  foHowhig  simple  result,  _  .J.-rira •„.  *££'\ * 
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where  %  is  the  force  derivative  for  the  tailplane.-  Occasionally  an  effi- 

•  cienqy  factor  was  included  to  allow  for  the  presence  of  the  wing  and  body. 

The  second  term  in  Ami  (iru/)  was  obtained,*^  by  assuming  that  the  dowr- 
waah  at  the  tailcinns  corresponds  to  that  generated  in  steady  flow  at  a  time 
earlier  than  the  instant  considered,  the  interval  of  time  being  that  needed 
for  the  air  to  puss  frees  him  wing  to  the  tailplane,  that  is,  vV«  This 
assumption  leads  to  another-  simple  relationship,  >;yx 


a.  «  Am. 


q  da  * 


Combining  the  two  results, 


.1  ■ 


'  '  a  /A  St  „  (\  ":'da\  ‘ 


(13) 


(14) 


,"*«  LCv?  -waLC^ 


..  .  Now  whereas  such  simplifying  assumptions  could  well  be  justified  for  straight 
.  wing  aircraft  at  relatively  low  Mach  numbers,  aid  large  tailplane  arm,  it  is 
.. 1  questionable  whether  such  is  now-a-days  the  case.  Seme  attempt  to  improve  on 
the  above  approximations  ban  been  made,  but  investigations  to  date  lack  suffi¬ 
cient  generality,  e.g.  do  not  apply  if  wing  is  swept.  To  assess  the  unsteady 
.  flow  effects  in  relation  to  the  tailplane  contribution  requires  that  wo  cal¬ 
culate  i%j.,  mq^,  and  m*7^  far  the  hail  alone,  the- moment  arising  fran  the 

.  force  on  the  tail,  and  superimpose  the  effects  of  downwaah.  In  doing  which 
we  are  required  to  calculate  the  dewnwash  arising  from  each  of  the  three  wing 
pressure  distributions  associated  with  the  w,  q,  and  w  derivatives 
respectively,  the  above  simplified  treatment  being  clearly  incomplete  in  this 
respeot.  Calculations  on  these  lines  have  recently  become  available  for  the 
rectangular  and  delta  wings  with  tails  at  supersonio  speeds  (see  section  4*3). 
Similar  calculations  for  subsonic  speeds,  and  for  sonic  speed,  using  the 
theories  discussed  in  section  3  S3  a  basis  are  given  in  Appendices  I  and  II 
•  at  the  end  of  the  racer-. 


The  results  for  each  of  the  speed  rogimes  are  now  summarised. 

4*  1  Subsonio  fiery 

In  Appendix  II  tho  downwash  at  a  point  behind  an  oscillating  wing  is 
calculated  assuming  that  the  tailulsn®  lies  in  the  plane  of  tho  wing  waka,  or 
since  we  further  assure  ce  displacement  or  deformation  of  the  vortex  3heet 
that  the  -wing  and  tailplane  arc-  coolana.:.  Restricting  our  attention  to  oscil¬ 
lations  of  small  amplitude  This  implies  ..alculation  of  tho  downwash  in  the 
plane  z  =  0  of  the  co-ordinate  system. 

With  those  assumptions  the  anndyeio  of  Appendix  II  shows  that  tho  down- 
wash  can  be  written  in  the  fo.-  n 
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where  P^  is  the  fumotion  of  the  downwash  associated  with  the  loading  -C*j ,  and 
'•’]?2‘  is  the  function  associated  with,  all  three  loadings  &,  %>,  ?v  These  load 
contributions  which  go  co  makn  up  tha  loading  of  the  oscillating  wing  (see  equation 
(3a)  Appendix  ll)  allow  of  the  following  physical  interpretation, 

*  •*&£&  • 


t\  is  tlv:  loading  due  to  unit  uniform  incidence. 


z, 


■  '  .  ’V'  .  Ao\  ■  •' 

2  is  the  loading  duo  to  steady  pitching  oscillation  iyj  abou 


about  the 


origin,  or  incidence  —  , 
c 


»r«*  «v  'V**' 


and  6,  is  that  arising  from  a  tine  lag  between  the  loading  and  its  induced 
*  downwash  (th«  incidence  is  a  function  of  ii,  jj,  and  &.). 

s.  ;  **  '  >.4**  aW**.*'-  \  1  #.<  •  *•*  ** 

Provided  that  the  tailplana  is  small  compared  with  the  wing  we  may  further 
assume  that  it  is  sufficient  to  take  a  mean  downwash.  The  results  then  obtained 
for  the  force  and  moment  derivatives  are, 

.  ...  .  .....  ‘  ...  ,'/;p  rr.  :■ 


and. 


MM.V 


‘  1  IN* 

Ma.  ■  uLw'S'.;a 


'I 


•.?»  T  (t)  [t  (,t?i  )z\ 


M2  S 

p. 


?ij-s 


2 (i-M2)  • 1 J  “t 

•:  L  2-  ox&£gr.^tM 

X  upi  1 


.W  Ut 

1  Tg(i« 


where  z„  ,'  s„  ,  n.A  and.  c.  are  derivatives  for  the  isolated  tailplane.  The 
pt  %  vt  ^t  -  *  *  •  * 

last  term  in  to#  can  be  omitted  if  we  make  the  usual  choice  of  definition  of 
■6,  the  tail  arm,  i.e.  the  distance  from  the  aircraft  C.G.  to  the  aerodynamic 

centre  of  the  tailplane.  * 

.  «  jm'J!  ’  *.«f  ’• 

Of  the  taj.lnlono  derivatives  involved  in  the  above  expressions  z~  is 

*  ~  *  -  *t 

considerably  V-rger  than  the  others,  particularly  if  we  make  m.  =0  by 

. 

choosing  £  as  <2iovo,  and  so  a  reasonable  approximation  would  be  expected  if 

.  m 

S,  ~  ,,2  „ 


we  ignore  all  vsvssa  except  those  involving  zA  .  This  yields. 


.  t  fd  .  X  M2  s  1  _ 

As»,  **  —  -  +  *V>  +  ■= - o~  Pa  2,? 

s  Is  2  o  d^i2)  1  j  \ 


(18) 


and, 


St  c  ft  s  x  Vf  si 
to;  js  —  -  +  ?o  +  r - 5-  Pa 

0  S  o  Co  2  o  (l-ii2) 


^  Pa  i  Z, 


(1-iJ2) 


(19) 
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fcl  Ignoring  the 
relationship: 


so  difference  between  s.  t.  sl,  t  and'  £«u  >  we  can  write  these- - 

,  *  -  t  '  •  t  .  v.-  -V-;.w'-j-i?rJ  **  , 7''*'" 

LPS  ®»f  "  -  ’  ,-:.  :  •; 


>XC- 


and. 


A*«  » 


S  B 


“ x  f-  ■**  52  +■-  *1  ] ~T  »  *»®  *  4* (20) 

.•4  *  to  ...u  aS  (1*«  )  * -J  s*  r&hi&f  wo$A^8fokt&:' ':  j \.,K 

.  ;  -:.'  v»  afcsaEtoi  *«^*aJ&-{$i  stfeaa^tV-Vm^  V*tf 

>*'*•  *  •  *  v«\V*  ">  ,  t  Tv*  *.**'* 


“$£’'  r."  - 


-  --  f4' 

So  (c 


*  ll  >  '  /  '  '»-»»{«*-  |  \W'  ■•  ■"■'W'fv  A  I  , 

v  *  ,i  *  v  ■»*.  ,  . \w*»  *  vJL  ■'  Vs«*  ,  • 

,  -x\  %t 'iitcj  '■ f  'ju4i  SjftiJjioi  Sdi  «t£  &/ : ' 

h2  ,.Bii±  . .  '  ' 


T  P/}  +  ”  o 

2  o  (1-M2)  'J 


;  ~)  't 

it'T’ 


(21) 


To  reduce  these  to  the  very  simple  forms  with  which  we  opened  this  seoticn  wo 
refer  to  Appendix  I,  from  which  it  follows  that  j?g  contains  a  term  which 

can  be  written  aecroximately - - —  .  — ^  provided  A  is  large.  Thus 

«  i»  UTS.,  1*1  *oc*rdi^  irt^g  oriy  iavol^g  (, 


;  -T» 


the  above  expressions  reduce  to  the  extremely  simple  forms  of  equation  (14)* 


It  is  desirable  to  compare  the  various  approximations  far  typical  air¬ 
craft  layouts  at  different  Mach  numbers. 

4.11  Comparison  of  values  of  Az£  and  as  given  by  the  various 

approximations 

Av 

The  calailation  of  the  functions  F-j  and  F2  is  fairly  straightforward, 
and  follows  from  Appendices  I  and  n.  In  computing  these  the  influence  func¬ 
tions  as  given  by  the  N.P.L.  Tables,  and  as  given  by  the  first  term  of  the 
appropriate  series  of  Appendix  I  were  used.  Two  planform3  were  oho3en,  with 
tailplanes  of  similar  geometry,  the  first  a  typical  swepiback  wing,  a3peot 
\  ;  ratio  3.0,  leading  edge  sweep  45°,  and  taper  ratio  0.4,  and  the  second  a 
cropped  delta,  aspect  ratio  3*0,  leading  edge  sweep  45°  and  taper  ratio  I/7. 

,4 

To  study  the  variation  of  F-j  and  ?2  °ver  the  iailplane  area  the  ;  , 
funotion3  were  evaluated  at  points  distributed  as  shown  in  Figs.  10  and  11 
.(behind  the  first  of  our  wings).  The  function  F-j  is  seen  to  depend  markedly 
on  the  spanwise  location,  but  for  tailplanes  at  1.5  to  2  mean  chords  behind 
the  trailing  edge  but  little  on  tho  longitudinal  distance.  The  implication 
here  is  that  for  layouts  such  as  these  it  is  generally  necessary  to  average 
F-j  in  the  y-direoticn.  A  linear  interpolation  between  the  points  corres¬ 
ponding  to  v  »  0,  and  1  (tj  a  0,  O.3827)  should  suffice.  It  is  seen  from 
this  figure  that  the  asymptotic  approximations  (see  Fig.9)  to  influence  func¬ 
tions  give  results  in  remarkably  good  agreement  with  exact  values. 

A  similar  sen  of  calculations  for  ?2  yields  Fig.11.  This  shows  that 
F2  varies  more  mpiddy  with  both  x  and  y  for  the  sane  variation  of  the 
coordinates.  The  variation  is  ouch  that  tho  nett  effeot  for  a  sweptbaok 
tailplane  is  not  large,  which  suggests  that  we  could  approximate  *2  by  a 
rcasonablo  choice  of  a  point  on  tbs  centre  line  only. 


From  tho  mean  wlues  of  Fj  and  F2  so  determined  we  obtain  the  con¬ 
tributions  of  the  iaiiplaj.j  to  and  ny.  The  calculated  values  according 
to  tho  various  aparoxhaaticvjs  of  section  4.1  are  compared  in  Table  I  for  a 
typical  tailplase  arrangement,  whose  geometry  is  similar  to  the  coin  wing,  ard 
for  which. 


0.15, 


n 


0^5. 


r  a  2.019,  ■-  a  2.925. 

o  o 
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Results  of  sicilra-  calculations  for  a  cropped  delta  wlng-tailplane:  arrangement. ~f 
are  given  ia  Table  II  and  Pig.  15 •  Hero  it  is  assumed  that,  .■  ~^v,. ..  :, 


.  v,  .•  ,,  .«;  _  t.  r~~,  &*£nu  'Ms^ootta  ’to  'fJ'C 

,  '  It  is  seen  that  the.  simplest- of  the*  approximations  (those- ofJ  equations-  (l 2)- 
(l 4))  provide  reasonable  estimates  except  at  extrema  C.G.  positions,  but  that 
even  in.  these  oases  the  approximation  of  equations  (20 )-  and  (21 )  are  -still 
acceptable-,  .  ^  v__ ,  ;irJ  Va  ^^lu,  arf*  o«  gatqiaisb  fio~ ortssmt 

>  t-S  Vff  ••  ’-VOO  r--~>  'h-'S'^To  ’ 

Tea  direct  comparison  with  experiment  is  not  possible,  as,  tests  of  wings 

'alone,  and  with  fcailplanes  do  not  appear  to  have  been  made  to  date.  It  is, 
however,  hoped  that  it  will  be  possible  later  to  compare  the  results  for  the 
delta  whig- tail  combination  with.  flight  test  data  for  the  tailless,  and  tailed 
version  of  the  3oulton~Paul  aircraft.  *  '**'  .  ^  --0 

i.  2  sonic  flow  r'±K -.4 

w  -  C-  ■■■  -  . .  .  .  ,•  rdiu  wi  usxb  odd  'to  ou&U 

?--•  « •'  »  *«■  '»*,  p*.  *  J  "»»•*►**  *\  *4  ^  £  ft'-.** 

Also  given  in  Appendix  H  are  calculations,  based'  on  the  same  assumptions 
as  those  of  section  4.1 ,  for  which  the  stream  Mach  number  is  unity.  As  the*  wing 
loading  has  only  been  determined  for  the  delta  wing3  complete  calculations  are 
only  given  for  this  family  of  wings.  ^  J  t. 

*  (>*\  »»<  r  ■  *  •'**«>  m*.  *  •  «nr  Cxf’ 

The  downwash  angle  at  the  tailplane  can  be  written  in  the.  form,..  ' 

v  -  t  ,  *•  -  i  ’-i-'i  tivli  aworiu  <\ru  USA 

~f  a  i?  +  <?  ^S(x)  ,  y  <“  s,  ‘'--*(22) 

v.ol'r.  oiflofrietTUd  ( 

where  fl(x)  is  given  by  equation  (II.29)  of  Appendix  II.  < 

.  ' .  ,i  - ...  ..w *V4  >  j>a  .«  /j-.uUjV,  «  os.'i  oyjr  V  oxhauoooib  A. 

From  this  we  get,  '  .  •u.i'w  u3  m .  .ti'taco  sir.  shbtfvi 

.  .*  .  !  v •' .j  —tJ  jJobV'i  -iCl  ^nfcr'rthl  ,.\T  .'ish 

S.  .  .;-  /.  •  1  IV'-v  ;ial,iv,7^ 

Azd  *  IT  Zd  -v  !;o  ••1(23) 


•  '0.—  —tJ  ;XJj.v'i'  £u  inrj’Ui.ii 

j  hr:  -  fi(i)j  -v  !  ;o  -1(23) 


-  ,  ......  *r.v  ’'I  o*  v.'  «*  t.tj:  **rtv1T 


c-icx.  ad 
s  .-ht  uo'i  on: Jr 
a.\.*arrv  In'X'.-n-..n  j* 


o,*/  o,  v  /,  '  \  -a.*,.*itrrv  is-x.r.,n  > 

1 1  (\ +  t  ”0  (l " sW)  If  -;-l  (24) 


If  v/o  refer  to  Apperdix  n  v>e  see  that  in  general  it  is  not  possible  to  reduce 
these  to  the  simplified  form  of  equation  (14),  by  making  x  *♦  By  mere  choice 
of  definition  of  l  wo  can  eliminate  the  m^  term  in  the  expression  for  An£, 

as  in  seufdca  4*1. 

.7e  r!rall  now  try  to  asness  the  way  in  which  9(x)  depends  on  other 
paruxe tevo  assuming  we  my  replace  the  terms  in  x  by  their  limits,  that  is, 
wrioe,  *  -  * 

X  i  ' 

fi(x)  ;s  2  -  nr  +  cot^A.  in  ^  cot^A.  -  —  . 


Vi’itli  Aj  a  45°} 


a  1.1909  -  nr  +  u  -  4  ♦ 
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It  follows  that  in  the  usual  range  of  sweep  for  delta  wings  fl  is  negative, 

-(5l>)but  teals  to  bscems  positive  as  sweepback.  is,  increased.  In*  limit  :  •+  9C°>  ' 

irnr  , XQ  .  .■  <■'■•  T‘?:cxtr  fldimacf-iso.  s£t£?,V'a*.Vi  oh iWs?  l(-tSfc)  '  -rf  .*  ■' 

♦*  2  •  4-  Aocordingly,  tailplanes  tend  to- become  less  efficient:  -Vj 

a  p  ,» » *■  ■ 

means  of  providing  damping  as  the  sweep  of  the  wing  is  increased,  hut  this 
is  offset,  of  course,  by  an  increasing  contribution  from  the  wing.  In  the 
'ebscnco  of  both  theory  and  experiment  for  a  wide  range  of  wing  planforms  and 
tails  it  is  not  oossibie  to  say  if  thi3  is  a  general  result.  ,  *.‘‘\*  (?**$  ,  ‘  ' 

*  .  »t**.*r\i*  I***'  „  f  ”  V  ’**'  '**'  k 

*  *"  However,  it  may  be  instructive  to  consider  the  "case  of-  the  delta  family 
of  wings  a  little  more  closely.  Calculations  have  been  made  for  delta  wings 
having  leading  edge  sweepback  of  45°  and  6C°,  and  each  fitted  with,  a  tail-^ 
plane  of  the  cropped  delta  wing  lype.  Thi3  particular  configuration,  a.3 
well  as  the  position  of  the  tail  relative  to  the  wing  (in  theae  calculations 

*  is  kept  constant  at  2.498)  was  chosen  to  allow  the  maximum  U3e  of  the 
O' 

results  relating  to  Pig. 15*  but  has  the  disadvantage  that  this  tail  position 
does  not  bring  out  so  forcibly  the  tendency  for  the  mjj  at  transonio  speeds 
to  become  more  nearly  equal  on  fitting  a  tail.  Hovwver,  the  trend  is  cer¬ 
tainly  present  in  the  results  of  Pig, 14,  and'  the  above  argument  far  large 
tail  arms  shows  that  ihi3  balance  of  wing  and  tail  contributions  is  more  r 

,  .  marked  for  tailplanes  nlaoed  further  aft  than  those  of  Fig.14. 

‘  *’  '  .  *  r,-’ 

4*3  Supersoid.0  flow  , 

<  “  .1/  v.-.  ;.t/A  io  ($2.11)  iwiisr;  >Ad  (:c)'i  oderiw 

A  discussion  of  the  same  problem  in  supersonic  flow  is  given  in  ref.  144, 

(Riiner)  which  is  confined  to  a  wing  performing  heaving-  oscillations. 

Ref.  238  (Martin,  Diederich  and  Bobbitt)  gives  a  more  complete  discussion  : 

covering  steady  pitching  and  heaving,  together  with  results  for  the  rectangu- 
(b  vlar  and  triangular  wings  with  tailplanes,  .  j 

\  '•’/  v’  ,  "  ''  I 

There  is,  as  is  to  be  expected,  a  general  resemblance  between  the 
expression  obtained  for  the  tailplane  contribution  to  zq  and  and  -  • 
those  feu*  the  subsonic  flaw.  Here,  however,  we  cannot  so  readily  relate  the 
general  expressions  to  the  well-known  approximations  given  in  section  4,  but 
,  ,  by  considering  the  limiting  condition  x  •*  »  in  the  -various  examples  dealt 
with  in  detail,  i.e.  the  rectangular  and  triangular  wings,  it  can  be  seen  how 
the  general  expressions  tend  to  the  simple  ones.  For  example,  if  we  taka  the 
triangular  v/ing  performing  heaving  oscillations,  and  retain  the  notation  of 
ref.  IJ*8,  we  have,  a3  x  -*  w,  ,  „  ’* 


.*>  nuj.’A 
Ji  >*/  10 


E(K.)  •*>  K(K,  ) 


G7 


since  51  •>  0 , 

*T 


Also  fren  equation  (44b)  of  ref.  T38, 


B'(Bm) 
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'Vtoxx  these*  relationships  it  follows  that  for  large  'valued  of  x  we  cay  approxi- 

mate  to  the  function  of  equations  (74)  and  (78)  by  writing,  , 

, . •,«  c  uoiAld  t~vS  sa>*st»«/  ■  .istAtecdif  ■>  -  C'J'tt  - 

•  ...  .  \UTa&£t..c»  •„  1°  A  /3s\  •*» f'~?  '**  “  "‘  *"  ^ 

,  ...  ,..;,,;-lv°2  .“....  V  aa.Uv)  *  vt  .  .  - 

><  •  ;,t  dll..’/,  iJ- .- ill..  /.  -  •  •  .'•  a:  ..  '  wfcv-o 

t  '  ’'***.*.  ^*# «  >  ^  ^  %  **  |'«  -•*•-  / «  I*  **^  *f  j*  ^ 

and  hence  retaining  only  the  terms  of  order  x  '"(or  &)  in  equation  (78)  we 
arrive  at  the  approximation  of  equation  (80)  of  raf.1,  that  is,  the  well-known 
dGwn.vra.sh  delay  approximation  of  section  4-  above.  Retaining  terms  in  Kl^  it  is 
easily  ahown  that  for  other  than  extreme  positions  of  the  aircraft  C.G.  the 
approximation  is  reasonable  ever  a  wide  range  of  tail  arm  length.  Thi  a  is  con¬ 
firmed  by  the  numerical  results  given  in  ref .328,  seme  of  which,  are  reproduced 
here  as  Pigs.  12  and  15-’ _  _  ~  .<  .'^ji-inas 

_  ,  ,  ,,  ■•  .  •'» ,3v-  w.'fttltfLjJ1  z.lt  la  ,  xj,  tvets  ’ -vrd  soli 
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5  Wlng-bodv  combinations  ;  , — ' 

■«••.-  ^  «  .  *4.  •  .•  -  '  '•  'Of,.  1  •*  )t  ■(.•)«/ 

There  exists  no  solution  of  the  problem  of.  the  oscillating  wing-body  com- 
■  biuation  in  general.  If,  however,  the  wing-body.'  combination  is .  3lenier,  we  can 
use  the  "slender  wing  theory"  approach.  .Results  for  various  bodies  in  combina¬ 
tion  with  delta  wing3  are  given  in  ref 3.  T27.  (Nonweilar)  and  T47  (Henderson). 
Although  it  may  be  possible  to  obtain  solutions,  oh  the  basis  of  linearised 
theory  for  wing-body  combinations  at  supersonic  speeds  using  methods  already 
available  for  the  steady  flow  problem  such  a  procedure  would  involvo  con¬ 
siderable  labour.  Ref.  T47  suggests  a  means  of  constructing  an  approximation 
to  the  solution  of  the,  problem  of  the  oscillating. delta-wing-body  combination 
for  all  aspect  ratios  at  supersonio  speeds,  based  on  the- .results  of  the  "slender 
wing  theory".  Comparison  of  these  approximate  results  in  the  case  of  steady 
lift  suggests  that  the  approximation  has  seme  value,  but  the  experimental  data 
for  oscillatory  derivatives  (Pigs.  20,21,23)  do  not  3eem  to  be  30  encouraging. 

It  should  be  noted  that  the  configurations  studied  in  both  refs.  T27  and  T47 
aro  such  that  the  body  ends  at  the  wing  trailing  edge. 

6  Wings  of  finite  thickness  , 

*  *  •  ,*-<••***  «* 

In.  the  preceding  sections  we  have  discussed  tbs  solutions  based  on  the 
neglect  of  thickness  of  the  wing  as  well  as  the  viscosity  of  the  fluid.  Just 
as  In  the  cese  of  the  steady  flaw  derivatives  these  assumptions  can  introduce 
n/p: icioblo  errors  in  our  results.  For  this  reason  it  i3  perhaps  opportune  to 
diaa-as  such  investigations  as  have  been  made  before  wo  make  some  comparison}’ 
of  theory  ard  experiment. 

Bssentially,  all  available  work  is  confined  to  tho  two-dimons icnal  case. 

The  earliest  attempt  to  include  the  effoot  of  thickness  ard  viscosity  is  due 
to  W.P.  Jones’52^,  erd  is  based  on  tho  use  of  an  equivalent  thin  aerofoil  whose 
chape  is  determine,1,  in  3uch  a  manner  as  to  yield  tee  expeotod  steady  flow  deri¬ 
vatives  (as  obtained  from  experiment  or  generalised  data).  This  device  was 
used  to  calculate  the  oscillatory  derivatives  for  a  Joukowski  aerofoil  in  an 
incompressible  fluid,  but  teo  method  is  quite  goneral,  and  can  be  applied  at  all 
flow  conditions. 
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Hoods-*  takes  the  urder  tying  notion  of  the  Jones'" theory  a  stage  further 
in  a  method  which  .in  off eot  deals  separately  with  thickness  and  visooaity. 

In  this  theory  the  roar  stagnation  point  is  allowed  to  oscillate  about  the 
^•'trailing  edge  in  phase  with,  the  local  relative  incidence,  and  with  an  ampli- 
fcde  de teminea  by  equating  the  steady  theoretical  lift  derivative  to  its 
experimental  value.  Furthermore  tie  position  of  .the  ’’profile,  centre1'  (mid-, 
chord  point  for  flat  plate)  is  adjusted  to  give  the  experimental  aerodynamic 
centre.  In  as  much  as  tha-flcw  around  an  aerofoil  oscillating  in  a  oco>- 
pressiblft  fluid  can  be  related  to  a  floW;in  an  incompressible  fluid  we  can 
deal  with  the  problem  of  the  two-dimensional  aerofoil  at  subsonio  speeds  in 
this  way.  Woods’  results  are  in  good  agreement  with  Jones’  for  the  Joukrwskd. 
aerofoil  (15$  V0)*  &rd  indicates  that  -ns#  can  be  reduced  by  as  much  as  20$ 
for  aerofoils  of  half  ihi3  thickness-chord  ratio  and  more  conventional  shape. 

At  supersonic  speeds  there  had  been  a  number,  of  attempts  to  calculate 
effect  of  thickness.  These  attempts  are  discussed  in  refs.  T29,  30,  3'l, 

5.5  and  ref.  T30  describes'  a  method  of  calculation,  which  is  thought  to  bo 
generally  superior  in  accuracy  to  the  others.-  Although  the  method  is  appli¬ 
cable  to  arbitrary  frequency,  and  aerofoil  profile  the  results  given  refer 
mainly  to  slow  oscillations  of  an  aerofoil  of  arbitrary  profile,  since  con- 
'parison  with  an  exact  solution  indicates  that  terms  jof.  higher  older ^than  the 
second  can  be  negleoted.  _  ;  *.t.  .  •-x’tV.U  **  iL: 

In  the  supersonic  theory  just  mentioned  the  effect  of  thickness  alone  is 
all  that  is  considered,  and  it  is  of  interest  to  note  that  this  effect  can  be 
either  stabilising  or  do  stabilising  depending  an  axis  position,  hut  is  y.j 
generally  small  for  thicknoss-chord  ratio  of  the  order  of  0.05.  The  correc¬ 
tion  terms  are  proportional  to  the  thickne 3  s -chord  ratio,  and  added  to  the 
”  thin-aerof oil  theory"  result.  The  nature  of  the  correction  thus  differs  from 
that  for  subsonic  speeds,  where  it  takes  the  form  of  a  positive  factor,  and 
'  again  since  the- "thin  aerofoil  theory"*  gives  a  tendency  to- unstable  m#  deri¬ 
vative  for  forward  sods  positions  the  effect  of  thickness'  can  be  in"  either 
sense.  It  may  be  possible  that  as  experimental  data  accumulate  to  adapt  7 
Woods’  approach  to  the  supersonic  problem  and  so  obtain  the  combined  effect 
of  thickness  and  viscosity.  Alternatively  the  use  of  an  equivalent  ^thin  ^ 
aerofoil''  suggests  itseliV  ^  ...  wA  wtT*£ji$SM 

„  ••  uf-tawaM-, 

All  the  above  refers  to  two  dimer-sional  flow,  and  its  extension  to  wings 
of  finite  aspect  ratio  is  very  much  an  open  question.  Fortunately,  with  the 
trend  towards  thin  wings  ( Vc  ~  0oQ5)  the  effects  discussed  will.  be  small 
enough  to  permit  of  even  the  crudest  estimate  of  their  magnitude,  in  which 
caeu  0.  correction  in  the  form  of  an  additive  term  or  a  factor  may  be  all, that 
is  required  for  design  purposes.  .  j  *»r-  •  3  •  »‘juj£<.  VI 


7  Experimental  data  and  comparison  with  theory 

*  *  X  ■  ,  »  *  » 

A  number  of  experimental  techniques  has  been  employed  to  obtain  measured 
values  of  the  derivatives  discussed  in  this  note.  These  are:- 


Wird  tunnel. 

Ground  launched  r*ocket  models. 
FuJ.l  scale  flight  tests. 


(1 J 
(2) 

3 

(4)  Wing  flow  redol  tests. 


In  (l)  and  to  a  lessor  extent  in  (4)  the  centro  of  gravity  of  the  aircraft  or 
the  axis  position  car.  bo  changed  over  a  fairly  wide  range.  This  opens  up  the 
possibility  of  study .ng  the  effect  of  axis  position  on  a  certain  derivative, 
say  _and  f*ur idler  to  obtain  all  the  derivatives  of  section  2  independ¬ 
ently.  f17  (2)  ard  i's)  are  generally  much  less  flexible  techniques,  and  in 
(2)  we  are  often  faced  with  testing  at  the  wrong  centre  of  gravity,  and  for 
an  unrepresentative  Lament  of  inertia  coefficient,  ig.  It  is,  therefore, 
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perh&ua  appronriate  at  this- point’  to -indicate  hew  derivatives  referred-  to  ooa_ 
axis  bositicn'  ora  related  to  those  at  another  axis  position*  Proo  equation  {5*5) 
of  xeh  117  y.^  have  on  separating  the  real  and  imgijmry  parts  Jti^aa  equations 
*»  given  in  this  fora  as  m  ^.^^'4**  • 


u&  -  %o  ~  V1  ..  ■;•:•  :  .  -*y: .-;-  -f;  -• 

...» ,,  -  .<•*■  —jH.n  iton  isie-dsotl  is  &«*{«}  (T »3l’i}  frJ’WjSO  •r-*-:  • 

’•  /rtv  .V  "tTC3  tu«-«  w»eisi^'f  sit»  xi*jw.  ,J.:<yr.mr  - 

A  ‘  ‘  ‘  W  /  1_  ...  -V.  «*  <  '*!!•?.  » 


_'-nr  m  (o)  r;  ’h: 

“V  a  “V  :V 

*’■  (or  ' 
°&  =  v  -  z*h 


r.wte«a.o  ;f.i  .-» 

?!,;  v.V. .  ;J  .■*  cw£W  .W 


* ,  *C>  y  v*  '«*  J  ■**  i  wT  1,^  *■■-  > 


••  (30) 


-» »  -  <v=  ‘%(0)>h  -  »v 

~  .“^0  "  zt?,0h..  i  iwii  w.  ^  r*W 

=  m&,o  "  (z5,o  +  n\/°^h  +  V2 


ajvi  hence 


s,  *, .  .  '*  *  » *  r-tvi-*  Hi  *« 

.  .  .  ;t~u  4jr*s*+tu  **.»»  ,  -«•'»  *^**-v-j^*  -4 

”v  ,’,c-'. Hi  l  *~./-,iuvaC  v.co'x  -V  ^a-ia  ci  -  -  ■■ 

.  *  .,  •-  -  ft!')'  ,:■  ‘ 

:q>o  "  ^  ...  —  ,-•■  * . l  >«  >  ■  -  )‘  v 

*/rv  \  O  I  *  ' 


Zq  “  V>“  \h.  .*t.  ,-•... 

mq  *  VO  "  ^q.0  +  nV(0)?h  +  V2  * 


.,  ;q  ,  ?°  ...  ?f2  J'  ^  Sw'.rio 

•_  «ik  tu'  .xih?  UiavS  r-f 

In  these  equations  u  is  the  reduced  frequency  j  h  is  the  noi>-diinenoional  dis¬ 
tance  between  the  axes  considered  positive  if  the  new  axis  lies  aft  of  the 
original  axis,  and  the  suffix  or  index  (0)  denotes  derivatives  corresponding  to 
the' original  axis.  It  is  thus  clear  that  a  designer  may  have  insufficient  data 
to  even  assess  tho  order  of  the  damping  in  pitch  of  his  aircraft  from  an  ad  hoo 
test.  In  terns  of  the  above  equations  he  may  have  a  value  of  ^ 

*Po  estimate  resort  must  be  cade  to  theory  in  respeot  of  ^  an^r  ^te, 

while  m„(°)  can  be  obtained  with  the  necessary  accuracy  from  generalised 
experimental  data,  and  theory,  in  the  absenoe  of  test  results  for  the  design 
being  considered.  '  ^  .  -^j.u  •■'  o  • 

Before  ri’oc ceding  with  a  comparison  of  calculated  and  measured  derivatives 
wa  note  that  all  the  above  experimental  techniques  have  drawbacks.  The  wind 
sunnol  test  has  to  strike  a  compromise  between  adequate  3cale,  and  unknown  and 
•'visa illy  large  tunnel  wall  constraint  corrections.  In  the  ground  launched  rocket 
model  the  diatuihance  which  is  analysed  as  though  it  occurred  at  constant  forward 
arsed  in  fact  takes  since  when  tho  model  is  decelerating.  The  validity  of  this 
analysis  is  thus  open  to  seme  doubt.  At  this  stage,  limitations  of  tue  instru¬ 
mentation,  ard  the  inadequate  recording  of  small  unintentional  control  movements 
together  wits  ary  aeroolastic  effects  set  a  limit  on  the  accuracy  of  the  flight 
test  results.  Lastly,  the  very  small  size  of  the  models  used  in  the  "wing  flow" 
technique  means  that  the  Reynolds  number  in  such  tests  is  so  small  that  without 
considerably  improved  understanding  of  the  interaction  of  shock  waves  and  boun¬ 
dary  layer  such'  tos  h3  yield  results  calling  for  careful  interpretation. 
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7*1  Teats  on  delta  wing  tailless  aircraft  (Avro  707,  Falrey  i03i  HP  111)  .v^  _  . 

:  ,  ••  •  .  -  .s»»r  ^  «“?  VJV\5*‘ !>  * 

"•  -  Teats  using  all'  the  above  techniques  have  been  made  on  a  "delta"  wing  _ 

■tailless  aircraft  (Avro  707)  whose  wing  planfozm  details  axe  given  in  Fig*  7a. 

In  view  of  this  an  extensive  sat  of  calculations,  the  results  of  which  axe 
suffixorised  in  Figs.  7  and  8,  were  undertaken  so  that  a  complete  comparison  is 
mors  or  less  possible 'for  this  case*  We  still  lack  the  complete  set  of  deri¬ 
vatives,  but  we  do  have  results  at  two  centre  of  gravity  positions  and  over  a 
range  of  Mach  numbers.  j  .  -  <»  V-/S*'-r 

Tho  curves  (Fig; 7)  show,  at  Mach  numbers  not  near  to  unity,  the  parabolic 
variation  with  aids  position.  Near  sonio  speeds,  however,  we  have  this  para¬ 
bolic  relationship  only  at  constant  u.  On  Fig. 8  is  shown  the  variation  to 
be  expected  with  axis  position,  when  u  takes  the  theoretical  value  corres¬ 
ponding  to  the  given  axis  position.  Thi3  value  of  «  is  given  approximately 


U  a 


(32) 


ard  for  the  aircraft  in  question  is  taken  as  71*45  and  ig  as  0.377  for 
the  firm's  test  flight  data,  but  with  increased  to  74*49  for  the  RAE 
tests.  A  full  delta  wing  of  the  same  leading  edge  sweep  wa3  used  in  these 
calculations. 


A  slightly  modified  wing  was  used  in  the  calculations  at  supersonic 
speeds  to  ease  the  labour  involved.  The  effeot  of  this  change  in  planform  is  •• 
unknown,  but  purely  on  the  basis  of  the  very  limited  extent  of  the  change,  is 
thought  to  be  small  enough  for  our  present  purpose.  , 

2ho  calculated  derivatives,  with  duo  allowance  at  sonio  speed  for  the 
effeot  of  a,  arc  compeared  with  those  deduced  from  various  tests  in  Figs.  17, 

18,  19.  Bearing  in  mind  the  limitations  on  accuracy  on  both  the  experimental 
and  theoretical  side  the  agreement  is  enoour aging,  as  is  also  the  implied  .  .  _ 
agreement  of  the  experimental  data.  ....  .  ...  .  ;  uf 

i  •;  .  ,  s'  *',*>•.  *r'ia  C.-"t 

Another  delta  wing  toilless  aircraft  with  a  higher  value  of  sweepback  of 
the  leading  edge  (the  Fairey  ER103)  has  also  been  tested  using  the  "wing  flow* 
technique*  Although  tests  have  been  made  with  transition  fixed  and  free  only 
tho  results  from  the  transition  fixed  tests  are  considered  as  it  is  con¬ 
sidered  these  will  be  more  representative  of  behaviour  at  higher  Reynolds 
Number,  and  aircraft  conditions.  Here  no  direct  comparison  is  possible,  but 
tile  approximate  estimates  based  on  other  similar  planforms  do  indicate  that 
more  exact  calculations  would  give  results  in  as  good  agreement  with  tho 
experimental  data,  as  would  be  expooted  (see  Fig. 22). 

The  45°  swept  delta  wing  of  the  Boulton-Paul  aircraft  gives  an  appre¬ 
ciable  reversal  in  si&i  of  m§  at  near  senio  speeds.  For  this  oc.cc  only  the 
subsonic  values  have  been  calculated,  and  these  are  compared  with  the  flight 
test  data  in  Frg-.l6.  The  agreement  of  theory  and  experiment  is  again 
reasonably  good,  and  a  fairing  of  the  results  at  suboritical  Mach  nunbers  into 
the  sonio  value  reproduces  the  measured  transonic  variation. 


Experiments  have  also  been  made  by  Bratt,  Rayner,  and  Townsend  on  two  of 
the  above  ..wings  (Avro  and  3P  deltas)  in  a  small  high  speed  wind  tunnel  at  the 
N.P.L.S4>°,  ard  acme  of  the  results  are  reproduced  here  in  Fig. 26.  The  agree¬ 
ment  with  the  theoretical  values  is  not  good  in  this  case.  It  is  difficult  to 
state  at  this  3tage  the  reason  for  tho  discrepancy,  but  it  may  be  noted  that 
no  tunnel  corrections  oan  be  applied,  and  that  the  Reynolds  Number  of  the 
tests  was  low. 
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Ref.  E20  by  Tcbak-  describes'  wind . tunnel  tests’ of  oscili?. ting  . models  with 
dalta  wings  of  aspeot  ratio,  4/3  and  2  fitted  with  bodies  a nci  oscillating  about 
different  axes,  and  covering  a  range- of  subsonic  and'  supers ohio  Mach  numbers. 
The  results  are  ■  suanarised  here  in  Pigs.  20,  21,  and  23,  and  a  United  number 
of'.re3ulta  from  theory  are  .shown,,  for  comparison,  it  is  seen  that  all  but  the 
aspeot  ratio  2  delta  wing  suffer  a  reversal'  in  sign  of  m£,  '  but  it  must  be 
remembered  that  the  magnitude  of  the  reduced  frequency,  u,  .is  quite  unrepre¬ 
sentative.  At  supersonic  speeds  the  estimated  values  agree  well  with  the  test 
results,  but.  at  sub sonio  speeds  there  are  too  few  data  to  deduce  much,  exoept 
perhana  for  the  aspect  ratio  2  case  with  the  axis  at  0,567  <%.  when  the  agree¬ 
ment  3s  reasonably  good  ft  all  speeds. _ aOwd 

*  '  f  .  •  **  >  *  -.  V  >■•*'  £  4  51  *’4' 

Sane  results  are  available  (ref.  E28)  for  a  range  of  frequency  parameters 
and  Mach  r umbers  for  two  delta  wings  (A  a  2  and  4)  oscillating  about  an  axis 
through  the  midchord  point  of  the  root  chord.  Owing. to  the  fact  that  the  fre¬ 
quency,  Mach  number,  and  Reynolds  number  could  not  be  varied  independently  it 
is  difficult  to  isolate  the  effect  of  any  of  these.  To  fit  in  with  the  general 
scheme  of  presentation,  the  results  have  been  plotted  against  Mach  number 
rather  than  frequency  as  in  the  original  paper.  As  can  be  seen  from  Pig.  25 
there  is  considerable  scatter  of  the  experimental  data.  The  mean  values  of  m# 
aro  some  l&i  of  the  theoretical  values.  ,  _  .  ’  . 

'  --  .s  .  »  1  %  .  *  v  AH  u  •,<UviV  w 

Two  sets  of  experimontal  result3^’'®>3i  obtained  by  the  use  of  rooket 
models,  ard  shown  in  Pig. 24  complete  the  data  for  the  tailless  delta  wing 
configuration.  Thera  is  considerable  scatter  of  the  experimental  points,  and 
so  little  reliance  can  be  placed  on. the  numerical  values  in  both  teats.  These 
tast3  do,  however,  bear  out  the  general  conclusion  that  for  typical  oentre-of- 
gravity  positions  the  damping  in  pitch  would  show  no  narked  loss  at  transonic 
soeeds  if  the  leading  edge  sweep  is  of  the  order  of  60°.  . 


(Refs.  E6,  7,  8,  14,  17,  18,  21, 
'  :  22,  24,  25, 29) 


7.2  Tests  on  Arrowhead  wing  configurations  ^Kers.  isb,  (,  0,  14,  l  /,  io,  d, , 

.  1,J  -  ..  »•*  -5  U  -JB*  ^ 

’  •  .  -  -■  4  r  *  **>  f  r-  -  wf  *4  ?4* 

Experimental  results  are  also  available  for  arrowhead  wings  covering  a 
range  of  shapes  within  the  following  limits:  2.24  <  A  <  5*5,  37°  <  <  630. 

Of  these,  five  wings  have  been  tested  alone  or  in  combination  with  a  body,  the 
remainder  are  complete  models  or  full  3cale  aircraft.  ’  „ 


looking  first  at  the  tailless  models  we  note  that  for  sweepback  of  the 
order  of  45°  and  aspect  ratio  between  3  and  6  there  is  a  marked  tendency  to  a 
reversal  in  3dgn  of  m£  at  transonic  speeds  (Pig3  .  26,  27,  29,  30,  31).  At 
subsonic  speeds  increases  slightly  with  increase  of  Mach  number  thus  con¬ 

firming  the  trend  predicted  by  theory.  Comparison  of  theory  and  experiment  on 
a  wider  basis  is.  difficult,  the  sonic  case  being  at  present  unsolved.  The 
supersonic  speed  case  admits  of  at  least  approximate  solution,  ard  here  also 
the  experiment  follows  f airly  closely  the  trends  indicated  by  theory,  see 
Pig.  27.  Little  can  be  said  about  the  effect  of  increasing  sweepback  ard 
reducing  aspect  ratio  in  the  absence  of  both  the  necessary  theoretical  results, 
and  test  date.,  but  the  isolated  case  of  the  English  Electric  wing  of  aspect 
ratio  2.88  and  A^  a  60°  suggests  that  the  beneficial  effeot  of  both  modifi¬ 
cations  is  ,t  general  result,  see  Pig,  26. 

In  Pigs.  29  and  30  aro  shown  the  results  of  tests  on  wings  of  aspeot  ratio 
3.0,  sweepback  35°,  ard  of  thiokness -chord  ratios  0,06  aid  0,105.  Small  aid 
large  scale  models  wero  tested  with  smooth  and  roughened  surface  at  the  leading 
edge.  There  is  some  effect  of  thickness-chord  ratio  at  transonic  speeds  but  it 
is  not  easily  isolated  from  other  effects.  The  main  point  of  interest  i3  the 
large  scale  effect  for  free  transition  as  opposed  to  the  comparatively  small 
effect  with  fixed  transition. 

The  addition  of  a  tailplane  has  considerable  stabilising  effeot  on  m£, 
sec  Pigs.  31,  32  and  33«  Therefore  it  is  to  be  expeoted  that  the  rooket  model 
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testa  of  tailed  aircraft  having  wings.  with.  a.  sweep  of  45°  or -more  should 
shew  little  variation  of.  ra£.  with  Mach.  number-  at.  transonic  speeds.  *  .Of,  the 
test  data  presented  in  Figs.  31  and.  32  the  only  point  that  calls  for  speoial  ’ 
comment  is  the  small- 'difference  that  exists-  in  the.  curve «  of  of  Figs. 
31(b)  and  32(h),  at. transonic  speeds  (0,85  <  M  <  1.1),  where  the  first,  ref  era 
to  an  aircraft  with  a  wing  of 'low  aspect  ratio  and  high  sweep,  and'  hence  pre¬ 
sumably  with  no  marked  loss  of  wing  damping  contribution  at  transonio  speeds, 
whilst  the  second' is  for- a  wing  of  axLerate  sweep  ard  aspect  ratio.  *  We  may  * 
bo  permitted  to  deduce  that  the  tailplanc  contribution  to  my  is  larger  in  * 
the  latter  case,  aid.  of  such  a  form  that  it  offsets  the  loss  of  damping  that, 
would  be  expected  for  the  wing  alone.  This  is  in  agreement  with  the  trend 
indicated  in  section  4*2,  and  by  calculation  for  the  case  of  a  delta  wing-  "  * 

toil  combination  (see  Fig.25).  _ 

„  .  .  vxe  ssXi;u-»%  -ofioa-  • 

4  .  *  '  '  *  '  ,,,  ,  ,  *‘f  *" 

It  should  be  noted  that  these  model  tests  refer  to  elastic  models,'  and 
so  cannot  be  compared  directly  with  theory  in  which  we  assume  rigid  wing  eto. 
(.see  Fig. 31  )*  .  ..  ...  —••**••• 

■  ~i-  si  -  J  «  *’  >.’■*  •  ">  'JW- 

7 .3  "Unswspt"  wings  with  and  without  tail  (Refs.  Ell,  12,' 19)  *  ” 

-  '  „  M  0.  i-fj  ,  J«*  .*  i» 

^  ,  **  '  *  *  •  <  «*  ’  iv»  V  1  ** 

Those  vrings  having  very  little  sweep  of  the  mid-chord  line  will.be 
classed  as  unswept.  Theory  and  experiment  suggest  that  for  representative 
centre  of  gravity  positions  such  wings  would  exhibit  a  tendency  to  reversal 
in  sign  of  mjj  at  transonio  speeds.  The  only  test  data  available  on  a  wing 
without  tail  are  presented  in  Fig.  28.  However,  the  addition  of  a  tailplane 
should  give  a  contribution  sufficient  to  smooth  out  the  drop  in  my,  and  the 
only  available  data  collected  together  in  Fig.  34-  show  tha'  in  this  case  there 
is  in  fact  a  slight  increase  in  tha  overall  m§  at  transonio  speeds. 


'  4  - 
*  <5*;. 


7«4-  Car-aid  aircraft 
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The  canard,  or  tail  ahead  of  the  wing,  layout  has  not  been  studied  to  * 
anything  like  the  same-  extent  as  the  more  conventional  tail  aft  layout.  In 
the  normal  canard  design  the  foreplano  lies  sufficiently  ahead  of  the  wing 
to  be  virtually  free  of  the  wing's  induced  velocity  field.  The  contribution 
of  the  foreplano  is  thus  almost  entirely  to  the  m^  derivative,  and  can  in 
most  cases  be  calculated  on  the  simplified  basi3  discussed  in  section  4-  This 
layout  of  the  aircraft  implies  a  centre  of  gravity  well  forward  on,  or  often 
ahead,  of  the  wing,  which  means  that  the  value  of  the  wing  contribution  to 
~my  is  appreciably  larger  than  for  the  centre  of  gravity  positions  associ¬ 
ated.  rath  teiUes3  or  tail  aft  designs.  This  can  be  seen  from  equations  (30) 
(since  tr.e  s^h2  becomes  the  dominant  term  in  the  expression  for  my),  or 
fran  any  of  the  figures  showing  the  effect  of  axis  position  on.  my  (Figs.  4. 
to  7).  Nob  all  this  wing  contribution  will  be  realised  in  practice,  since 
cur  argument  does  not  allow  for  the  interference  effect  of  the  foreplane  on 
the  mainplane.  Nevertheless  the  canard  design  would  be  expected  to  give 
greater  damping  in  pitch.  This  is  borne  cut  by  the  solitary  experiment 
(Ref.  EJ8,  Vitale  and  MoFall)  comparing  the  two  layouts  fco*  a  given  wing, 
ard  tail  geometry. 


8  Discus*  ion  and  conclusions 


In  i-ho  preceding  sections  we  have  discussed  mainly  the  damping  for 
oscillations  around  a  very  small,  or  zero,  mean  incidence,  and  for  a  very 
limited  range  of  amplitudes.  Oscillation  about  a  high  mean  incidence  and 
over  a  larger  amplitude  can  havo  pronounced  effects  on  the  damping  (see 
Figs.  37,  34-s  22,  19  ard  refs.  El 6,  20), 


The  appreciable  effect  of  the  amplitude  of  tbo  oscillation  is  confined 
mainly'  to  tbs  transonio  speed  range,  and  may  be  associated  with  shock  wave 
movement  and  separation  of  the  flow  behind  the  shock.  At  low  Mach  number 
this  effect  is  only  slight. 
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aiiotTi n  the  damping-in-pitch  derivative,  mi,  with  bureass.  in  the  nsa^ta* 
ationo  ««veritv  of  these  variations  is  more  marked  at- lower 

if  is  doubtful  father  sudx'laxg®  'jr.£ss£3S£Lm:  .., 


v^s“rIt  sBy^be^^sslbia^to^ma^^K^-^llowance  for  such,  effects 
by  use  of  methods  such  as  discussed  in  section  6,  of.  ref.  220.  ^  ^ 

dimensional  problem  is,  however,  an  extremely  complicated,  one  as  regaxte  ^ 
formulation  of  "equivalent  thin  wings.  if7  o2C^-.~  nmi  ep.u»oa;  ffiXtcfisq  vT^Li- 

xV  KTtrbuS*  oJtiWeffeot  of  d»»gos  to.tte  *»• 

ouehcy  5^*£a>S*L~W  *£&  M*.  ^ 

at  wisent  (see  Pigs.  J9/  *%■&*£  »*•  *16JB««“))^  ^oWo&rtojs  « 

££\s£  - - - 

.*iSST.tolh. YpLSSS  SSStioo  food  o„  tho  .ss-ption  of  a 

non-linear  variation  of  'the  steady  pitching  moment  (caused  by  no*  on 

•  j  ■Trom  boundary  layer  shock  wave  interaction)  is  put  forward  by  Be 

SlSoS'S  significance  that  thin  effect  ,ae  net  obsenved.en 
the  delta  vdng  of  aspect  ratio  2  of  rex.  E20  (Tobak). 

From  the  data  available  from  -theory  and  experiment  we  can  draw  the  follow¬ 
ing  conclusions:-  *’  , 

i.  As  outlined  in  the  introduction  the  damping  factor  of  the  short  period 
oscillation  in  pitch  is  given  by— ““  “*  .  -  ‘  '  ' 

>  ■  •  ,  .  oiisti  s omp*  A 


Of  the  derivatives  involved  z.„  generally  retains  the  aama  (stabilising)  sign 
ttiroucbcut  the  speed  range,  but  for  wings  of  moderate  aspect  ratio  and  lead-ng 
ofthe  Ster  of  55°  or  less  m§  will  have  its  sign  reversed  at 

Snsonic^poeds,  whilst  for  wings  of  lever  aspect  ratios 

there  is  no  such  reversal.  The  addition  of  a  tailpiece  to  the  former  set  of 
wings  seems  to  bring  about  a  similar  improvement. 

When  the  sign  of  m*  becomes  destabilising  the  effect  of  a  change  in  % 
is  In  the  opposite  sense  to  the  usual,  that  is,  decrease  in  %  tv^effeo^of  8 
damning  to  be  reduced.  Since  outside  the  transonic  speed  range  the  effect  of 
cSngiag  %  is  normal  this  means  a  more  pronounced  loss  of  damping  at  these 

speeds  ^see  Pigs.  35>  36). 

2.  The  present  knowledge  of  the  effects  of  amplitude,  mean inojd ence  and 
frequency  (which  are  most  narked  at  transonic  speeds),  is  insufficient  and 
future  test  programmes  need  to  be  planned  accordingly. 

v  rm,Q  discrepanoy  between  the  simple  approximation  for  the  tailplane 
contribution  based  on  "delay  of  steady  flow  dovmwash"  and  the  more  oxaot  cal- 
eulations  given  here  is  sufficiently  large  to  call  for  an  experimental  check. 
^olov  the  highly  complicated  pattern  of  the  separated  flaws  around  wings 
of  considerable  Setback  at  noderate  to  largo  incidence  will  necessitate  the 
testing  of  a  number  of  up  and  dov/n  tailplane  positions. 
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4>  Kia  oocapariaon  of  available  experimental  results  with  theory  is 
■  encouraging  inasmuch  as  the  theory  gives  &  sufficiently  accurate  estimate  at 

*  subsonic  and  supersonic  speeds  while  indicating  trends  at  transonic  speeds. 
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5*  ^Vozn  (4)  it  is  ooncludad  that  on  attempt  should  be  made  to  extend*  “  ' 

•  the  sonic  theory  to  oover  all  planforms,.  and  that  a  systematic  set  of  cal- ,  "f 
eolations  should  be  undertaken  to  provide  a  basis  for  the  preparation  of  _  ' 
estimation  charts.  This  oalla  far  the  use  of  automatic  oomputing  machinery 

Jo  bring  the  time  takon  for  the  task  within  reasonable  limits.  v’ 

t-  *•>*->  *  *  m  a  *  *•  4.  *  a  *.*  v  Wt  -Vi- /nf  t+J+4-*  •***,  i\,7  . 

k*  As  is  to  be  axpooted  Multhopp’a  approach  to  the  subsonio  unsteady  . 
flow  problem  becomes  unreliable  at  stream  Mach  numbers  near  unity,  but  the 
calculations  for  the  limiting  case  of  zero  aspect  ratio  indicate  that  his 
general,  method  of  solving  steady  flow  load  distribution  problems  (to  which 
the  unsteady  problem  can  be-  generally  reduced)  can  be  used  wdth  praotioally 
no  restriction.  It,  thus,  seems  that  we  have  the  means  available  of  obtaining 
solutions  throughout  the  speed  range,  and  where  required  for  any  frequency. 

It  rust  be  stressed  that  while  the  existence  of  these  solutions  shows  5'* 
that  linearisation  of  the  problem  is  possible  at  transonic  speeds,  their 
interpretation  in  terms  of  results  for  wings  of  finite  thickness,  in  a  viscous 
fluid,  and  with  shock  waves  present  requires  care.  All  that  can  be  hoped  is 
that  they  will  indicate  trends  with  change  in  wing  planform,  ard  that  they 
will  form  come  kind  of  bound  to  the  values  of  the  derivatives  for.  actual 
wings.  The  results  presented  in  the  comparison  of  theory  ard.  experiment 
indicate  that  the  sonic  solutions  given  there  do  assist  the  designer  in  thin 
way.  '  *  -  •‘•-1  •*  '  *  -  t 
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aspect  ratio 


lift  curve  slope 


b  wing  span  (ft)  "  '  ‘ 

A1>B1,01,D,  coefficients  of  stability  cubic,  see  equation  (2) 

0^  lift  ooeffioient  "  *' 

Cn  pitching  me  cent  coefficient 

c  British  mean  chord'  ^ 

a 

o  "Aerodynamic"  mean  chord 

i)  downwash  function,  see  equation  (II.31) 

xq 

h  «  — ■  axis  position  measured  from  wing  apex  in  terms  of  mean  chord 

c  (positive  aft) 

in  inertia  ooeffioient  (about  y-axis) 


Tj  •**  p 

I  *  ^  enthalpy  (acceleration  potontiol) 

r 
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dimensional  pitching  moment-  derivative  due  to  rate  of  change  of  w 

(steady)  rotary  damping  derivative  in  pitch  (dimensionless,  see 
R  &  li  1801  or  Appendix  IH) 


pitching  moment  derivative  due  to  rate  of  change  of  w 
(dimensionless,  see  Appendix  III) 

+  full  rotary  damping  derivative  (dimensionless) 

,  *  ,  -  *-*  *  '  '** -A  '  ,  “•  *v? 

frequency  of  oscillation  (sec  ) 
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reduced  frequency  ~~ 

rata  of  pitch  (radians  per  sec) 
dimensionless  rate  of  pitch 

elevator  fixed  damping  factor  of  short  period  oscillation 
(dimensionless) 

gross  wing  area  (sq  ft)  ~~~ 

time  (secs)  -■  ~~ 
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unit  of  aerodynamic  time  Irr-Z7, 


ffaa  s,M 
-—no 


W),yB 


secs) 


•>vf 


velocity  of  aircraft  in  undisturbed  flight,  or  free  stream 
J  velocity  (ft/oeo)  -  . . . 

. -  -  ,  — !  .  v  '  ... 

weight  of  aircraft,  lb 

increment  of  velocity  along  z-oxis  in  disturbed  flight,  ft/sea 
dimensionless,  increment  of  incidence  in  disturbed  flight 
Cartesian  coordinates 

force  along  z-axis  of  stability  system  of  axes 
z -force  derivative  duo  to  steady  pitching  (see  Appendix  III) 
z-force  derivative  due  to  rate  of  change  of  w  (see  Appendix  ITT) 
/jj  »  z  +  z.£  full  normal  force  derivative  in  a  rotary  oscillation  (see  Appendix 


ff 

w 

A 

W 

x,y,z 

7, 


a 

R 

6 


wing  incidence,  radians 
downwash  angle  at  the  toilplane,  radians 

angular  displacement  in  pitch  from  equilibrium  position,  radians 
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To  avoid  repetition  of  much  of  the  analysis  of  the  original  references 
the  notation  of  these  papers  has  been  used  in  Appendices  I  and  II  so  that 
certain  basic  relationships  can  be  merely  quoted. 
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».  -rAsvCTtotia  Expansions  for  jjvv  Influence 
J ( '  Pur.  c~,  ions  of  y.ulthopp8.'!  Subsonic  Theory  . 

.  xTpy  .  v<,  -  .  v'n^.r  -V  • 

In  this  appendix  vra  shall  derive'  expansions  for  the  influence  functions 
i,  j3  ii,  and  Jo  which  apply  for  large  distances  from  the  wing  in  the  longi¬ 
tudinal  direction,  but  without  any  definite  restriction  of  the  lateral 
coordinates..  These  expansions  enable  us.  to  discuss  the  behaviour  of  the 
influence  functions  under  these  conditions,  and  in  addition  provide  an 
alternative  means  of  evaluating  the  influence  functions,  thu3  opening  up 
perhaps  a  simpler  approach  to  the  general  problem  of  downwash. 

To  avoid  making  the  discussion  unduly  long  reference  will  be  made  to 
results  obtained  in  rof.  T ,  v  '  — •<  ■  ,  ;  "  t  u - 
u  v  / .  d  ■  * 

Our  starting  point  is  equation  (T<5.41 )  from  which  we  have, 


-ZL2-—  [flisLi!! 
8r,(l-«2)V  JJ  (y-y*)~ 

S 


.«•[/  0 


X  -  X 
0  o 


■l(xa~x,f  +  (i-u2)(y-y')2 


■J  dxj  dx'dy* .  (l.l) 


Performing  the  integration  with  respect  to  Xq  we 'obtain, 

■rV 

^p("»y)  rf 7 (si  f.  .  I~.  T5 


*T  t 


—y - =  — - y~  fj  — — ^7T  r (x-:c* )  +  'Ivx-x*)  +  (l-/)(y-ys )  1  dvldy* , 

8a('!-M“)Y  L  (y~y:)~  L  •  J 


Inserting  fcr  Z  from  (T5.42)  gives, 


w2(*,y) 


M  ff  cfri1  )dv' 

*r7(l-M2)  Jj  (r,~T)1)2 


X  Jy(t|*  )  cot  |  +  ^(n1 )  pot  |  -  2  sin  pjj  ~^7y- 


^FT  “  ^tk)  [(x~x,)  +  '^X"X')2  +  O**2)^')^ 


Conjuring  (1.3)  with  (i’^.45)  vo  then  soo  that, 


ii(^y)  3  \  J  cot  |  p™  +  J-  /(x-x1)2  +  (1-h2)(y-y,)2Jd^-')  *  (IA) 
0 

*  The  reference  will  take  the  fora  (T6.41)  where  the  second  set  of  number?  hi 
tho  number  of  the  rolovant  oqiwi'ior.  of  rof.fS. 
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Introducing  the  usual  non-dimensional  coordinates, 


0(7*7 


-  v'  -Y  n  -  '’■  i  - '•  -'•••• 5  n  4. 

*A.  ' '■ (y-y’Hl-M2)* 


and  the  relationship  between  X*  and  9, 


^  wvwns^u**  -O.  «***  wj  ^  ,  _ ^ 

-*  -  i\f  i,  1  *.  - 

;  -C--  :  -  "  ^  ,*  ^v“-'v  *  4 

*  ■*.  '■  r  ■  X*  3  ^  (1  “  COB  ®)  ,  •  .-  -_-i-  >  i\ 


we  can  rewrite  the  equation  (l#4)  thus. 


,  •  ’  ■’-*  <  *v»C£ 


ia(x,x)  3  i  J  (1  +  cos  9)  £(X4)  +  ^  | 

+  “  j  (1  +  cos  9)  j~  |^(X-4:)+  ■C03[^-  +  y2J  d®  , 


Introducing  new  coordinates, 


Xi  =  (X-^),  and  *  «= 
we  can  write  equation  (L*5),  after  seme  reduction,  aa 


x  X  A. 

ii(X^+)  =  Xi.  +  j  (1  +  cos  9)  j^l+ijr2)  +  £-  (z  +  dp  (1,6) 


where 


2  cos  9-1 
.  b 


For  large  values  of  X4.  we  can  expand  the  integrand  in  the  seccnd  term  to  givo, 

„  -  .  XJ^H  t _ ,n.  1  f  .  J  ft'? 


iiCx^-jr)  3  Xi  +  -Z~- [  (l+c»3  9)  fl  +  -l-~  .  |-  + i—g  f-p, 

*  *  %  J  l  1+/  h  2(1 +*2)2\V 

■IcTt?©  M) 


2(l+!jf  ) 


,X3  U- 


The  integrals  involved  in  (1.7)  are  of  the  type, 


Ia  «  J  (1  +  cos  9)  ^  222JLZ  Ij  dp 


which  for  n  «*  1,  2,  3  givoo, 

«  0,  I2  a  fk  »  and  n  •»  ^  respectively* 
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Inserting  in  equation  (1.7)' we  finally  obtain  the  following  asymptotic? 
•development  of  the  influence  function  ii, ,  :  .  c.  ^  •» .  ... 

;t  *, ;rL.  -A 

ii(x, i*)  a  •  (x-£)  (1  +  Jl+r)  + - ' 1  i-;-»  773T+  -7— aTs77  *  T”7T2 

»*/  _  i  ^  *  V*,.  32(1+^*  (X^.-  12S(l+i2)5/2  (X4)2 


:X*m) 


XV>  Jacit^^.^^iaso^r 

/r  a) 


*  t.  '  »  jr1 

Proa  this  we  sea  that  as  X.-*  ®,  '  ii  ■*■  2(X-^),  ”  and  further  that  by  comparing 
with  the  expansion  of  the  influence  function  i,  given  below,  that  for  large 
values  of  X  we  may  approximate  by  writing,  ;  ■ 

ii  ■” «  Xi 


jO--  ~  !  +  f  »  (if ' 


"  •  •;  •  i.-n  \-vvr.f 

This  approximation  plays  an  important  role  in  the  development  of  the  simple 
relation  for  the  tailplane  increment  in  m£,  see  Appendix  H.  ,  ■ 

k  .  .  ■  •*'««*«  *  -  srf*  *  ‘  *  *  *  “  * 

‘  r'  »  *  .*  •/>»  •  '«  '  •» 

V/o  can,  of  course,  expand  the  function  jj  similarly.  '  Again,  comparing 
with  equation  (l6i^we  fcavo  for  jo,  the  influence  function  associated  with 


JO 


i 

-t/< 


*  *s  i  * 


/«%  '  1. 

i  ,< 


(cot  ~  -  2  sin 


(p)  p-x*  +  [(x-x*)2  +  (i‘-M2)(y~y1)2) 

L°V  . °v  .  ,v  >-c  - 


dx» 

o 


lx.  f  /  *  n  \  f/v  1\  2  COB  O  ^  11  ,  ')  i  ^iW* 

=  %  /  («>a  9  +  cos;29)  (X-£)  +  ~^71T -  ^  • 

i  i  „„  ■.  :,v,l  ^  .••„•  X{ <.'!?,+  ;Vi  , 

-  '  no.V..ri;u ;rn:  ’  .unci.’,  a')  .«:  - 
*•  ...*  *  :  i.  -  w  v.-‘2  jo  ’.veiinL  :  ' 

+  n(  (cos  <?  +  003  2(?)  ft1**2)  +  |r  (2  +  30]  ^  ’  r '  A  ‘1"  (r*9) 

o 

Of  the  first  integral  the  coefficient  of  (X-^:)  i3  zero,  and 
•X 


/ 


(cos  9  +  co3  29)  (2  cos  9  -  1)  d9  «  % 


Expanding  tho  seoond  integral  wo  obtain  integrals  of  the  type 

•X  n 

I ^  a  f  (cos  9  +  cos  29) 

0 

which  for  n  n  1 ,  2,  and  3  gives  jj-  ,  -  ^  and  respectively. 

Thi3  yields  tho  following  expansion  for  large  values  of  Xi, 


^4-  2if 

jc!(Xi,^)  =  1+-^(1+*)  - — 2zr*~7 

T  *  2(1 

•V 


** 

i.^ vr 


+r)  35.  2(i+f> 


23*' 


+ 


r 

si. 50) 
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"  :.7“  *  I\cX(1+t2) J  '  8(i+t2);.,2  320+t2) '  '  ?**'  -- -r- 

s*^  .  (i.ii) 

80  that  as  X+«,  jj(X,Y)  ■>  2.  _  / ~ '  V 7^777 '.-7.v  'Ire-- *  *' 

Returning  to  the.  downwash  oq.ua.tion.  for.  steady  flow  we  can  readily  deduca 
similar  expansions  for  the  influence,  functions,,  that  then  occur,  i  and  ;> 
These  are,  '  f-i~3  ^ts  oa ’yss  j»f  ...i,  ,*'• 


,*)  -  fi+— <-3  -.  "■»%  - . - i—r  - ... 

1  32(1  4P* 


,  •  (1,12) 


of  which  the  first  term  clearly  corresponds  to  concentration  of  tho  load  at 
the  quarter-chord  point,  and, 

"  *  h  *  *  \  ii*<  *  *v'/  *.•*£»  ««  '  |  ,  *•  *-»«  * 

S  »*  ^  '*  »  t  _  *<  W  A,  V  "  *  *«**  *  V  \  #  ItUl  -  *  ' 

^x,^)  =  '1~——  ,  ^  5  .  .  —~2 .  t1,15) 

.  (i+/)  /2  .  8(l  +  tV2  ^ 

-  - - -  -  ••  — T  :  -.7  nia  i  ~  -  Vo;  ;  -  ■ 

It  i.s  easily  shown  that  these  expansions  are  equivalent  to  those  given  by 
Multhopp, 

From,  the  form  of  the  above  expansions  it  is  reasonable  to  suppose  that 
for  the  purpose  of  calculating  dowrarash  at  an  appreciable  distance  behind  the 
wing  (e.g.  at  tailplane)  the  first  terms  only  would  be  adequate  approidmatioxia 
to  the  functions.  These  approximations  aro  presented  graphically  in  Fig»9.. 
and  calculations  of  downwash  referred  to  elsewhere  in  the  text  indicate  that 
they  are  in  fact  good  approximations.  .  .  ,  '*  + 


-  38  - 


CONFIDENTIAL  -  DISCREET 


>Ui  m,  -p 


•  Cj’iv  4  V-  *«*f4  *  CfC^-*  *#% 


•/.."  V  ’,-*  ;-'-5.-‘^.y,£i;;?.fTf  --  ;“  ‘ Report  Ho«  Aero  25&I 

.  :.  :*r>;rc‘’ " -K-&* *  */?« j*$z - ‘>x  *'■?£  ?>:*  t 

-ta-  v.  ’~;V'r- ■.-'' 

•  -iHEPPlX  H.  -  • --  '•'••■  •■- 


Dovmwash  behind  a  wing  performing  low.  pitching  osoillationa  of 
small  amplitude,  and  tailplane  contributions  to  zq  and  m§ 

,,ilk:h  ansa  art  :ii£Lx«.£ir  ^t>avu«  o?  cob  ^fusso*  .vs?  «<■  *■,=»'  , 

1.  Subsonlo  Flow  -  '  o.-'  f, .7. -■'£>:  'JS" 

?H,i  To  simplify  the  analysis,  we  assume,  the- wii^' and  tailplane  to  be  ooplanar. 
Furthermore,  we  shall  assume  no  distortion  of  the  trailing  vortex  sheet'. 

Taken  together  with  the  restriction  of  small  amplitude,  as  is  appropriate  in 
a  linearised  theory,  these  assumptions  imply  that,  we  may  set  z  »  0  in  the  - 
general  equation  for  the  dovmwash.  Accordingly  our  starting  point  is  equa¬ 
tion  (T6.36,37);  which,  states  that  the  -  unwash  at  a  point  (x,y,0)  is  given  by, 
nu *  tot  ^nxvly  ^  t,  o  *  - .  ’  f  *  ■  >  sj  *y»  >ruj  ^ ^  fitiietr v.v 


:  *••'>/  ■*  ,  w  a  RA 


where 


_  idjQ 

w  ~  .  ax 


£-/■&! 


C(x -x«)2  +  (•t^2)(y--y,)2J //2 


io(x  -x) 
o 

vO-*2)  ,v 


•Ta  VW 

J  7  " 


(II. 1) 


It  is  admissible  for  slow  oscillations  (or  retaining  only  the  first  power  of 
u)  to  approximate  to  equation  (il.l)  by  expanding  the  exponential-’ term.  We 
can  then  write  ----"  ■*»  '•  -  -  •'  '  •  • -t-!.  •>  t«tn  j;;.j  •  . .  ■!  -• 

.  i,  _ >  .i  .jri.xiu  v;  —  v.  .  %  “iJ^ncC  cd#  \y(  * 


w  =  w^  +  iw2 


■* .ft 


where 


w(x,y) 


-  S  -  fNf  .  XWX.  v  K.v 

-  *  •“  i  "~r~  ”  v  'n  '  y 

[[—JLLs. _ _] 

s  [(*,-*' )2  +  (i-M2)(y-y*)2]  /2-^ 


-2(^)  -  *  /  (-0)[// — h  > 

i.  c  S  [(vx‘ )  +  (^)(y-y*)  ] 1  '  ■ ,, 

*  ^  r«...  *  "*«  j1  .  ^4*4/ 

The  loading  A(x’,y*)  is  made  up  of  a  number  of  terms,  which  if  we  •wares  >i14 
as  the  amplitude  of  oscillation,  can  be  written  (in  notation  of  ref.TdV 


2(x,>y')  3  5*  + 


(H.3) 


(rioa: 


-  39  ~ 


CONFIDENTIAL  -  DISCREET 


A*  T£!T 


^  9jtw»yer.s JW^  ''J^-^ 

Ji-- ."Report  No.  Aero  2561 


■where, 


sr.3KKas£V.': 


'  A'  v  jy  5^ 

« 'f’d'jtf-VfeW-1.-' 


Z,  la.  tho  loading  due  tb-uhif arm.  ihdidenoQr  UL-1-.  ^ 

•  4  j  '  ’^3  ‘,'J  v- i*.\y ,  *  -4*^X  » 


3L  is  the  loading  duo  to  unit  steady  pitching  about  the  wing  auer 

c  x  •  •  >• .;-..  •. 


or  inoidenoe  equal  to  —  , 

i--v  -  5 


^.and*_'jL.  is  the  loading  which  arises  from; downwash  delay, end  gives  rise  bo  the 
'  r.-'  W' .  derivatives..  ,•  <t>  evt  owuuti-  Xisi-’u  aw  ,.■■■-  •  v  - - 

»r  .  -i--  n  ~i  as  .audtt.pc*  XXiui  'to  tteiidrrt::  :tr  edA  Uadw.1  ■!?*'%*'  vr  i-/.  ' 

The  correspording  incidence  is  given  by  equation.  (&»•)•  .  vroo.it  i  ■ 

-  .  4  rmircria  vra  ’  •"I'u.irtccoA  .ua.‘var.TO.?  erih  rod  haiirj  ■  Ot...  . 

.  '•«  The  integrals,  of  (II.2)  are  evaluated  numerically,  after* introduction  of 
the  influence  functions,  i,  j,  ii,  and  jj  (see  ref, 6),  giving  the  summations, 


w 


f 

bVV  (*yvV  +  -  '>  b 


x\  2<m-1 ) 
■  !  “  n  i 

'vvv'  t 


i 


vn  ^yn^n  +  ^vn^ 


and, 

V(l-M^) 
u  c 


_2 

V 


vv 


C  ’■  •  ••  o—v  1  o  ■'  ,  •  • 

P^Yy  +  jjyyi^y)  ~  V  ^yn  -  ^ynTn  + 

•  •  *-•'•-• '  4m)  -  -  (lf,4) 


.■  •‘■'.•'i  •  t- j  -Ln  ’'.v.it  *?•-•*»  'r  •  Co-  •ui.:  mo't  ASifian'*  - A 

where  the  prime  on  the.  summation  symbol  indicates  that  the  term  for  which 
n  =  v  is  excluded,  and  where  y^  and  correspond  to  the  loading,  £,  .  ■ 

Replacing  1  by  the  loading  4,  \  and..  £,  according  to  equations  (n.3) 
we  now  write,  •-  '  * 


w. 

Id* 


i.  =  A  -2S\ 

rd*  y  V  J 


iuro\W11  /i-^N  iiic  W12 


Ill 


icc  ,, 

v  \v.  vd-u2)*  V 


and 


w„ 


6)  c  ffgi  .  V(1-M2)~) 


vS*  -  — — ov  1  V  * - ■ neglecting  terms 

v(l-ir)  L  V  me  J  in  cj2  aid. 
-  -  -  — -  ■  higher  order. 


>  (n.5) 


.j 


The  second  suffix  denotes  the  loading  functions  to  which  the  partial". _ *  «.vibri- 

*11  .  ' 

button  is  related,  e.g,  is  obtained  by  inserting  and  for  ■>  end  }i 

in  the  first  of  equations  (1I.4-).  To  evaluate  tho  upwash  we  approximte  vc.  the 
first  part  of  equation  (11,1 )  thus, 


f  »  Kef  a14* 


/  V 

\-a,  o; 


and  also  write, 
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<-«ot  wmnoft  ^{£E1tsK&f-*2£f.-  V-  A-'.  -t.- 

and  in  in  fact  the  uwa3h  for  uniform  incidence  in. a  steady  flew} 

4b,  _  .  *  c 


r-  X  "w  ’ 

I  _0  i-I  . 

^i-ac2^ 

*12  1  w13  W21  V" 

L  * -  * 

Vt-n2  ) 

r»  T  ^ 

Inserting  from  equation  (H«7)  in  equation  (II.6)  we  have 

"  ‘  >"r  ‘iiv/ V-V  T  ' 

M2 

r,  4  aj.  -uuj  w  »  .  f  \  *v/«  l  .  •“ 

-  R-o 


♦  »  6 


-■  }  0 


d*  eii!t  jl^foy)  +  ±f- jp2(x,y)>+  |  i  P,(x,y)  j 

I‘‘  --  .  "  •*  ’  ~  t  '  jjv»  '•*  '•'  -  1  -j  ,•  - 

=  d  F.,(x,y)  +  d  |  fp2(x,y)  +  *  .  -  — -2  ■•  P^Xjy)!  .  ^  (II. 3) 

,  * .  '  .  .o-  .«  .>•*  — o*.  ^  /  *  .J  # 

r  >' 

(  ,K  *  ,  ■  I" 

It  thus  follows  that  the  effective  incidence  at  a  point  (x,y,0),  which  is  the 
sum  of  the  geometric  incidence  and  the  uy.vash  as  given  by  (II.8),  is 

.  Tii  .vj  “  >t  •*,*?.  ,v«  *  5 ">/,<.  ,  e.“  ni  r„'25'  ouJ  .  .ifl 

d(x,y,0)  «  (1+P,)d  +  -J  d  +  £  d  jp2+  2  .  -L  pi  ,  (11.9) 

,,  K  v>;_  0  ("I-41  )  -> 


’  ~  *  dL  *  -< 


Now  for  the  calculation  of  forces  and  moments  on  the  aircraft  we  3hall  assume 
that  tailplanes  are  generally  sufficiently  small  that  the  distribution  of 
incidence  defined  by  (lI<-9)  may  be  replaced  by  a  mean  value,  obtained  by 
taking  a  mean  of  F^  and  Fg.  These  mean  values  will  be  denoted  by  bore 
over  the  symbol.  We  therefore  write,  .  ,r  -  , 1  ' 

..-7  .  ;  .  ,  r .  > 


(n.io) 


from  which  we  have,  to  the  order  of  accuracy  of  the  remainder  of  tfc.  Cir¬ 
culation, 


\  =  (i+P^)&  . 


The  increment  in  the  force  along  th9  z-axia  due  to  the  tailplane  ia. 


dZ  B 


Substituting  for  d^  and  and  reducing  to  the  usual  non-dimension?  1 

derivative  form  wo  3ee  that, 
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-v/Jii'-.;-,?-;- 

-• '•iA'*'*.  -c~> 
.04 ♦Vk*  v 


■wp^C"  c;  -r 


-  »/  ?xl§l|3%r^  *.  *.>  •?  •  -  ’  ‘ 

:•’'■•  two ' ^X#E(1^°-Vt&*j2+5 •  (A 5l3a#t J‘ 

.  i  v$^:vn  i-r  "V  *  .-  (n,i2) 

•  •  "-V.  •'  '  ‘  i  ~  --  •  •  -  ■"*  v^':-f-a  »ty  •  ^'' '.'*■;  '  -■'•■'  * 

!  '-  This  may  be  simplified  to  yield  the  approximate  forms  (equations  18,20)  dia- 

-  "'■ '  cussed  in  the  main  text  of  the  paper. '  The  simplest  of  those  (of.  equation.  14) 

~  -  •'•'  calls  perhaps  for  a  somewhat  more  detailed  discussion  here,  but  this  i3 

-.'deferred  until  after  the  calculation  of  the  pitching  moment  contribution.  The 
.  ' '  increment  in  the  pitching  moment  is,  -  -  -  !  - 

‘  *  -  -  rn:u.z  >s  rat  &sr&L£3tU  sno’ts&ai  'x.-i  ,l  ;’•  w;;  >''i  iodl  SJ.  ,•£  JiV-t 


■  I 


Prom  this  wo  readily  deduoe, 


.  AM  o  Pj  2.  +  Me  dt  +  M-  0<  o 

S  ■«**  •  ,  *  h  > ,  h  t 

— v-l-fr:— -Tj 


/-rv 


Am-  =  b  &\  G 
O  S 


Sr  70  2 


. t 
'*1 


"  ‘;^(t)  •  ^h}\] 


7iJ 


(11.13) 


1  <  ^  *  i 1 

*\  ‘  ■  -  - 


In  both  (11.12)  and  (11.13) 
isolated  tail. 


.  - - -  r  •»  v  :  *'  ;V  t ;.’t  '*  “ 

1.  ,  si  etc.  refer  to  the  derivatives  of  the 

% 


t'.'M'.r 


Returning  now  to  the  approximate-  forms  for  Az^  ’  and  Am^  we  note  that 

retention  of  the  terms  in  a.  only  iirolies  a  consideration  of  the  bracket. 

*  v. 


<  «4- 

,  *«  *  r  \ 

‘  f*w>  8ft 

.*  .VI  '  .O 


+  F„  + 


1  'J  ,7 

X 


.  +  _  M2  s 
2  +  -  *  ..2 


o.. ,  (i-m  )  ; 


5^} 


r.  .’>  V...VJ  Jiil 


,’Z  .  > 


.  <vi.b< 

*  . ' .  r. .  *  .'I  1.  *:  1  ■  ,  -n- . 

At  first  siaht  there  may  seem  little  connection  between  this  and  the  simple 
expression  (equation  14)  given  in  the  section  on  the  tailplane  contributions; 
but  we  assume  that  the  tail  and  wing  are  far  apart,  so  retain  only  terms  of 
highest  order  in  i  or  r.  Then  of  ths  terms  in  ?2  the  only  one  which  we 
nsed  consider  further  is  that  involving  From  Appendix  I  we  see  that  we 

can  approximate  to  ii  by  ~  i,  and  jj  by  2  for  sufficiently  large  valuer 

v 

of  x.  Ignoring  ths  terms  in  p  we  are  thus  led  to  the  approximation 

V  x  1  w. 

wc  ..  0 


51 

V 


(1-M2) 


li 

y 


tn.iO 


Introducing  this  approximation,  ard  combining  it  with  the  term  in  F-j  we  see 
that  the  bracket  above  can  be  written  approximately  as,  1 


t 

*md 

O 


with  x  a  t,  and  introducing  the  mere  familiar  notation  for  the  downwash  ft?* 
steady  uniform  incidence.  Thi3  leads  to  the  well-known  approximation  withcu* 
further  restrictions  on  M. 
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2.j.  Sonio 

«*.•«  Ml  -  ■••• 

^  *-s»*  *  J.*'  *'  '  »/vv  «»«  W' VP‘ "Tt 'ltW."T7‘f* * «‘  J  *'  >i,v 

W©  ha*ra  dealt  with  the'  problem  of  a  teilplano-jwlng  oonbination  of  any 
planfom  at  subsonio  speeds.  At  transonic  speeds  there  is  certain- to  be  a 
marked  effect  on  the.  dewnwaah  at  the  tailplane,  and  hence  on  As^  snd  Affi§, 
due  to  the  .presence  of  ‘  shock-waves  on  the  wing.  No  analytical  approach  oan 
at  present  deal  with  this  extremely  complex  problem,  but  it  is  possible,  as 
mentioned  in  the  main  tost,  to  formulate  the  linearised  invisoid  flow  theory 
(excluding  shook-waves)  in  such,  a  manner  that  we  can  include  sonic  spoed* 

At  this,  limit  the  theory  becomes  appreciably  less  unwieldy  and  the  solution 

has  been  obtained  for  delta  wings  by  Mangier^  We  shall  now  proceed  to, 
evaluate  the  downwash  field  of  such  a  wing,  and  hence  the  contributions  to 
and  In  general,  for  any  wing  we  have  that  the  upwash  at  a  point 

(x,y,0)  is  given  by,  ^  -■  **  *  ’ 


'  \  « 


2  a  2  e1-^  3  ^  (wr  +  iu Wj)  e' 


int 


(n.ifi) 


where 


i  -  - 


f  • 


r  . 


and. 


wr(x,y)  »  2  (11.16a) 

■  V'~— ;tt-  •• 


.  .  :.wi(x;y)  »  i“  If  Li(x'»y')  - p(*»y)  .... 

HA.  »•* 


in  which, 


•r-  V— r'-  >  **»<  ‘  '  '  ■•n  {  t  1  x,  -  -•  f 

r(i,5r>  ■ 


-a 


S  x. 


+  F^y) 


(n.i6o) 


and. 


s 

s  • 

since  (x,y)  lies  outside  the  wing  and  so  wo  may  replace  the  sine  by  its 
argument.  3  is  wing  area  and  ^  area  of  wake  ahead  of  (x,y,0)t 

*  The  more  general  case  of  the  cropped  delta  wing  has  been  considered  by 
Hanglor  and  Thomas  but  the  (unpublished)  solutions  so  far  obtained  are  vitlsr 
in  error  by  acme  unknown  amount  (probably  not  very  pronounced)  or  whilst 
essentially  correct  indicate  that  the  higher  order  terms  in  u  nay  have 
coefficients  involving  terms  like  in\  and  l/x  (x  ■  taper  ratio)  so  i  en¬ 
during  seme  expansions  unsuitable  for  use  at  the  small  values  of  X,.  normally 
used  for  cropped  delta  -wings.  .  , 
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Now  for  the  particular  family  of  wings  wo-  aro  considering,  ww  hava  the 
following  solutions  for  the  modified  loadings  I*,  and  Li,  * 

V  v  .  ..  .  ,-...,  . |  l  ~  v  ,  ."  -  -  ....  V  .'  .  -  ■  —  4  '■  .  -  .  ..  —  (  .'  U  — _ _  'A*  v.*  MWi.  ■  ?. 


LCk  .W 


I  T*JO  Oi.'S'SS.IX  . >HV*  ,td, <  jOa  aT*  .4 


‘  warfii? 


V*  ««®s?1’!C(iifyij  s.2  -  y*2  ‘w  rtrtri> 

aso  —'. .; xvjoo .ro^i 3*  -  ...  •  «••»  _.u  -.  o*: .  -  o  ,  ...>  acisotrrq  an-;  o/  .t>4 


a  .  .  _dic.;-aj  •-•r  $£  ,dtsLv,>£o!?-%-£  ^Cwsgx'»  i.h.i  i&bz,S.zo&.  ■*?  s£  «/. 

jjscojfct  woi’i  hluziviit  yit  <.;s.:.s-s"*\  t>  Ai".4-  j.t£..|wXi.s'V..>^ 

.....  ••--*"  f.':  *oa  afto'mi  aa»  *;  I^q  +  ^  ,  .viu^ooffi?  gsU’u.,y.>a| 

oo_iL.vv.-2  hoa  v;&£ai;sao  '/ifi  ,^0.1-  -  a.;'-*  ~  vjwj&u  yirwhi  oo&  iX&.tl  ilJ& 

*,a^  W  r  ’  *  V'.  *.  *  '  *  '  ^ 

•  t4  vcrf^X&id  ^*7  ♦  ~  r,xs£j^i  'ttf  r*l ^1*  '^l/strfu  4'  ^^  .V* 
.  r *  _a  ...A  w-nCil  -XJ.  .>  -.'r-.v.  ’<.0  froc-C.  '*€,.:  {&K&  rd}  r,/.  « 

a  7!  ,..\Vrr;:  -nv  In-vf  'V”  ;*  rv  .jff.-'V  v<u  -;.l  r-^ - -  «j;Y.  -.  .'ji  ■/  . 

L10(x',y)  - &£*-**;  s*- 
0  \ 


where, 

i 


«  - 


i^O^y*)  «  -  2d*  cot  Ae-^jr 
and,  finally, 


L  o 


„  2  ,2  ,  Vox 

a,  -  y>  to  J — 

8c 


CJ] 

85  V  ,. 


Liq(x',y‘)  =  ^  alr[— J-2'l3^2  -y’2] 


The  functions  are  now  introduced  into  equations  (II.16)  and  (ll.l6a,b,c,d)  ard. 
the  resulting  integrals  evaluated.  We  begin  by  considering  an  integi-al  of  ttn 
form,  ‘ 


. .  //*[«*•) w-r*}“f| 


■s  x. 


(y-yO“ 

Ih'J. 


f  f 

k%  J  (y-y')L 


3.  -  v« 


-3 


Jjc  =  |y*|  tan  A. 


f(cr) 

4tc 


f&4+' 

J  (y -y')2 


(XI. 17) 


We  have  to  take  the  principal  value  of  this  integral  which  can  be  shown  to  be 
-«  for  y  <  s  (Mangier,  ref. 126),  a  condition  usually  satisfied  by  a  coiot 
anywhere  on  a  tailplar.s. 

As  a  special  case  v/e  deduce  that  wr  =  ~6*  for  all  positive  values  of 
x  >  Cj,  and  for  y  <  s.  The  next  stage  is  to  evaluate  the  various  contribu¬ 
tions  to  w^(x,y).  To  calculate  P(x,y)  consider  the  integral, 

x- 

Ts  I  « 
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which  becccaes, 
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,  "  \  ~  ,  isL^--’: ,  <■$',, 22~  J*.2'  -  y'2  •  T~U‘K:'-  1  ^'B  ’.  ;  r(n.i8) 

•  X.  >  ,  :  o  ^  ^  --  -  '  tiSi -,. 

-  "  >;-yx  -----  yjr^s 


<c..:-o  .  •  .  '-  ■>  ••  ■  .■ . 

Thus  .  -  ;  .  -  •  '  ,  -  *  V  -  ^ 

s  ^  ,  „  s  (n.-is) 


>  v  yr- 


-..  ,11  .t 


The  area  S  is  new  divided  Into  two  regions  S-j  and  S2  defined  by 
x’  ^  |y|  tan  A^>,  and  so  we  write, 


w 


\y\  *“  a£ 


//^7 

3 


•  dx’dy' 


/  te'-/ 


(y-y'  )2 


dy> 


-s. 


.  «r  -  ;*  Is  2^.2 

A  to.  A  1A_  ay.  . 

,  -J  j  (y-y*)2 

|y|  tan  A^  -a^ 


(11.20) 


Wo  have 


/ 


—  3. 


1  I  2  ,2 

tJoj,  -y 


(y-y')2 


dy' 


\1  a/-y'2 
(y-y*) 


-  sin 


r1  y. 


-W 


'.  ~3tf 


‘  dy' _ ; 

Js/-y’2  (y-y1) 


-°e  '  * 


=  -  r.  -  y 


Q 

/' 


dy1 


-aA  .  3e2-y'2  (yy'j 


(H.21) 


In  the  rogion  S. ,  y  <  a,  and  the  integral  on  right  is  zero,  bub  in  Sg, 

ixly  I 

v  >  s*  and  the  same  integral  has  the  principal  value - :-u-J —  •  Thua 

v  _  Inn 


equation  (II.20)  can  be  written, 


-y'ly2-- 


I! 


•'/B/-y'2  dx'dy' 

(y-y')2 


|y|  tan  A 


s  -  x  J  dx'  +  x|yj  J 

0 


dx' 


./“: 2  ‘"2 

(y  -"v. 


■*[■ 


_sbd 


2  -  tan  Ae 


■] 


(II.  22) 
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Combining  equations  (XI**19)  (XZ*22),  wo  have* 


-  4^-**  '  ",. 


•S  •  ■-**  -  :.-,-i£;r:r-  •  *  (i 


(II. 23) 


To  complete  the  calculation  of  F(:c,y)  we  have  to  determine  the  function 

U2~  ,V* '  >f;  *Ta?xS  ’  I.  / 1„  ^  r;y  _L"h  -  Jl, 

.  •  ''">-3  - t}  — —  -  V"  ..  v  \  „  1 

Nov  U  *  .  “ 


?i(s,y 


i  u»v* 


A<-> 


ds„ 


— ;;-  -  ;;  /  / 


C  3.  uiV 

r  *  W 


t  - 


7 1 

V  «  j.* 


O  —3. 


»  £coA, 

2o  ^ 


I  2  72  2o(n-x‘ ) 

I  -y* 

°r 

f  x'cx1 

J  (*-*’ ) 


=  -  d*  cot  J 1  +  —  to 


(n.24) 


Collecting  terms  wo  have,  from  (II.23)  and  (11.24), 


P(”-,y)  =  :  «*  |j  +*-~  - 1  tan  +  cot2A^  +  y;  to  (^Yj  j 


(11.25) 


It  remains  to  evaluate  the  contributions  to  arising  from  the  leadings 
associated  with  L^q  and 

Over  the  wing  surface  the  first  of  these  is  simply, 


»io  *  iff ■  S II 


>r  %Ja,Z-y'Z  <L-.>\y' 


O  -Sa 


(y-y«r 


3-d* 

and  the  second  is, 
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(11.26) 
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or  by  use  of  equation  (H.17), 


'  Qk&x  -isiz&'ivh  vte  .HrA-  r-v'jt  Uf  'ifrk&i  »t  r‘- 


W^.j  a  -  5*  COt“Ag  &1  -^.cot^A^  . 


(n>27) 


Finally,  thero  is  the  contribution  due  to  the  steady  pitch  load,  function 
L^.  This  is, 


*//! 


iq  “  4 *}J  iq(y.yi)2 


.  -$ir M(-i 


'  J  J  W1U  /  *.  J  (y-y1)  ,  t 

:.“3.  x4  ■  - .»  *-  -  A'd  r:n,.  ..  ■  3  .**t*“. 


«  -*  0*  4  by  use  of  (H.17). 

’  •''  .  ,\  O  /  'j  •  ,  d\ 


■*•»*>  u»  xr  **s  * 

i  '  * 


From  equation  (28)  of  ref.T12  we  have. 


L/xSyO  =  ^.(x'jy1)  =  0  ’*  * 


in  the  \rako,  and 


lifrsy*)  =  *±(xt>y')  ~ih  j  4r(5'*yt) 

zt 

a  “TS  J  tlie 


(IX  28) 


•.  -  ,  .  -  r 


25*  f~2  2 

—-~\ja  _  yt  for  wake  of  dslte  vinj  at 
c  sonic  speed. 


s  a 

M 


(y-y’)2 


*t  *3 

^♦(X-X.)  ,  s 

a  - - -  a  -  (x-C  )  * 
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Simming  the  various  contributions  to  vr^-,  equations  (11.25,  26,  27*  2G  and  29) 

we  obtain,  ;V  i  .  .S  i  'ftrV.  - 

'  -  A  v-W  ;*>  'V  ■ ''v 

«tM.  ?  -  ? f2 cCt)  - y  T  fA«  (’  ♦£  *■¥-•<!> ¥«A)3 

from  which  wo  have  for.  the  Aowrwash  angle 

w  /  .  3  \  „int 

“v  =..“K  +  13  y  wi)e 

:  ...  ♦  *„  i*n  -*0  ..\f 

v  v  » -? 

vh  „aat  /.  too  Wi\ 

:.cir-.:  •■';  -oT  ,*'r- s ;  .  r:  ^  Q  \  **  V  *  vwy 


=  «  * 


.  ,—.30) 

*X  .?■*  *  -  , 

V*  >  '  '  .  .  ' 

\{\t.T.)  iaKxtpt  '-tf;  ,‘i  •>»' 

....  .1  ....  , 
-* '  -  *  ’■''‘V  •  .  *•"  '  * 

\  *-  *'V  *  , 

(11.31) 


77. 

if  we  write  -  =  £(x).  It  is  interesting  to  note  that  for  y  <  s  the 

downwash  depends  only  on  the  streamwise  position  of  the  point  (x,y). 

In  calculating. the  tailplane  contributions  to  z|j  and  we  mates  the 
same  approximation  as  before,  that  is,  wo  replace  the  incidence  distribution 
given  by. 


Vi 


k 


*t  =  0,f -0-df  S(x)  =  f  0  (|  -  sc=c)^ 

I  *  •*,«•• »  .  .1  . 

*.  -  . *  >  “  •  -  -  -  ,  *  4  *  ■ 

by  a  mean  value  denoted  by  a  bar  over  the  symbols.  Using  the  suffix  t  to 
denote  derivatives  for  too  isolated  tailplane  we  have. 


*z0  “ 


AZ; 


dVSc 


§  - SM) 


st?t 


(11.32) 


and  for  the  moment  derivative, 


AM: 


= 


pVSc 


=  ~~  ’  g  (|  ~  3':c>)  (2t?5  +  T  ndi)‘  ‘:n‘*A3) 


TTo  havo  as  yet  not  defined  6  precisely,  or  in  other  words  fixed  tne  ants  to 
which  the  tailplane  derivatives  refer.  If,  however,  we  now  choose  -3  to  bo 
the  distance  from  the  aircraf t  centre  cf  gravity  to  tho  aerodynamic  centre  uf 
the  tailplane  we  have  by  virtue  of  the  approximate  relations  zq  ~  z.„,  and 
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We  have  already  discussed  the  usual  simple  approximations  and  j.ts  relation 
to  the  results  obtained  in  this  Appendix  for  suhsonio  conditions.  It  is 
possible  there  to  establish’. such  a  relationship  (see  section.  1 ).  For  aonio 
speeds  equation  ( II.3p)  shows  that  a  parallel  simplification  is  of  much  lea; 
significance,  _s  can  ba  seen-  if  we  consider  the  behaviour  of  S(r)  as  x 
becomes  large.  The  only  terms  affected  are  ;  . 


For  large  values  of  x  wo  may  approximate  as  follows, 


Thus  for  large  x  this  term  is  of  order  -1.  and  the  other  term  of  Older 
A 

*“*  • 
o 

It  follows,  therefore,  that  provided  x  is  such  that  we  are  permitted 

to  linearise  with  respect  to  «,  fl(x)  +  const,  for  large  x.  OShe 

o 

simple  Glauert  result  involves  neglecting  the  oonstant  term  as  compared  with 

—  ,  but  as  the  constant  term  involves  a  term  in  Any  this  approximation  is 
o 

of  restricted  usefulness. 
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Conversion  of  American  Derivatives  ato. 
-f ’  '  to'  their  3ritish  Equivalents 
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America:!  Symbol  i  Meaning 


Equivalent 


Equivalent  in  *j 
British  Symbols  ! 


\  + 


Relation  between  mean  chords 


o  =  British  Standard  Mean  Chord  a  r- 

o 

c  =:  American  or  so-called  Aerodynamic  Mean  Chord 

f  *4 

/  c  dy 


ib/2 

For  trapezoidal  wings  we  havo. 


5  a  ik.hiMn. , 

c  3  (i+X)2 
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DELIA  WINS  (A4  o  45°)  plua  cropped  dalta  tail  (A&  »  45° .  X  a  1/7) 


„  '  ‘  '  st  at 

Wing  Geometry  eto,  .  AR  a  4j  A^  *»  45°;  A  a  0;  a  0.G9SS;  ~  a  0.5^5» 


-■=  -  i.36s  ■  *  a  2.498 ; 

0 


o 

u 


0 

a 


1.028. 


Tail  Geometry  eto.  „  AR  3. 3;  .  A^  =  45°J--  X  «  V?—  _ ... _ 

-  “  J  A  f  ^  •/  -»i  I  '  *  S.  !** .  ■'  i  t  -L  \  " "  -S  ^  j  ^  A  t  ’  *.* 


M 
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(Az^)2 

(^)2 

(Aa^)3 

0.88 

-0.32 
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-0.45 

“0.43 

-O.65 
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Ji 

0.687 

1.0 

I.0307 

1.118 

1.25 

1.414 

1.6008  1.8028 

2.2361 

Wing 

Alone 

z& 

-0.41 

3*75 

5-65 

2.17 

1.15 

0.72 

0.19 

-0.01 

-0.14 

-1.08 

0.84 

2.17 

0.58 

0.15 

-0.002 

-0.18 

-O.23 

-0.24 

Wing 

20  +  Az£ 

-0.73 

3.11 

5.05 

'  I.64 

0.71 

0. 36 

Tail 

+  A 

-1.52 

-0.03 

1.28' 

-0.02 

-0.45 

-0.54 

r 

TABID  IV  v 

,  - -  s 

DELTA  WING  (A^  a  60°)  plus  cropped  delta  tail  (Ae  a  45°,  X  r.  1/7) 
Wing  Geometry  etc,  AR  a  2.31;  a  60°;  X  a  0;  ^  a  0.0998; 

Cj.  a  _  -  x 

a  0.277  j  ~  =  1.278  ;  ^  a  2.498;  --  c.  1.136. 

,  „  -  o  ,  *  o  c  c 

ii  ,  '  '**'■ 

Tail  Geometry  eto.  AR  a  3;  A&  a  45°;  X  =  1/7 


M 

(Aa^)2 

3| 

1 

(^3 

in 

-0.23 

-0.23 
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-0.31 

-0.29 

-0.50 

M 

0,6 

1.0 
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1.8028 

Wing 

Alone 

z0 

-1.12 
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-0.26 

-0.21 
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-0.45 

-0.30 

-0.38 

-0.38 
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-  ___  ___j 

-0.24 
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+ 

Tail 

z0  +  ^0 

~1»35 

-0.78 

-0.56 

-0.78 

-0.75 

-0.63 
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co 
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-0.63 

-  52  ~ 


CONFIDENTIAL- DISCREET 


U,lL 


+*r\4,  «  4»W  v*^rj? 

F|G.  4,(baS) 


;  „'*■?.  V;-:'  „  ''  '■  ~;V'' 


- -Jt^rF.'' ; 

• :  ■-  *  • 


4£y:, 

'•  '■! 

-  •'}  • 
V  A* 


■■ 


FIG. 4.(0). STEADY  AND  QUASI -STEADY  DERIVATIVES 
FOR  DELTA  WINGS,  IN  INCOMPRESSIBLE  FLOW,  AND 
FOR  AXIS  THROUGH  THE  WING  APEX. 
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\7  V 

\»  v 

\a\o 

\7  j^V 


CURVES  SASEQ  0« 
METHOD  CJ1VEN  BY 
STONE  (REf  T.  ZZ) 


FIG.  4.(b).  VARIATION  OF  WITH  AXIS  POSITION  FOR 

DELTA  WINGS 
(INCOMPRESSIBLE  FLOW). 


AVRO  707  WINQ 

EQUIV.  WINq . 

SPAN  (FT) 

34-167 

34-167 

ROOT 

chord  (n) 

2i-826 

2?.-086 

TIP  CHORO 
(FT) 

2-28 

!  -799 

SWEEP  OF 
OUTER  T.E. 

3-54° 

O* 

THE  TWO  WINqS  HAVE  SAME  L.E.  SWEEP,  ASPECT  RATIO,  AND  SPAN 
THEIR  MEAN  CHORDS  ARE  THUS  EQUAU }  BUT  SUQHTLY  DISPLACED 
ONE  RELATIVE  TO  THE  OTHER. 


FIG.  7(d).  COMPARISON  OF  ACTUAL  AVRO  707 
WING  WITH  THAT  USED  IN  CALCULATION  OF 
THE  DERIVATIVES  AT  SUPERSONIC  SPEEDS. 


VARIATION  OF  SONIC  •}  VALUE  OF  WITH  C.G.j  POSITION  k  FOR 
DELTA  WING  WITH  LEADING  EDGE  SWEEP  f  OF  49*9?  4- 


ASYMPTOTIC  APPROXIMATIONS  TO  THE  INFLUENCE  FUNCTIONS 


FIG.  10. 'VARIATION  OF  THE  DOWN  WASH  FUNCTION 
F,  (x,y)  WITH  CHOROWISE  AND  SPANWISE 
LOCATION. 


FIG.  II.  VARIATION  OF  THE  DOWN  WASH  FUNCTION 
F,  (x; y")  WITH  CHORDWISE  AND  SFANW1SE  LOCATION 


0'8  v FE  2-4  '3-2  „  4-0  4-8  5-6 

45 


FIG.  12.  COMPARISON  OF  “EXACT*  6  APPROXIMATE 
Zw&  mw  FOR  DELTA  WING -TAIL  COMBINATIONS 

AT  VARIOUS  C.G.  POSITIONS,  &  MACH  NUMBERS 

(FROM  REF  T  38) 


-• «»»»»— wk*«iwww«» 


w: 

b 


FIG.  15.  EFFECT  OF  ADDING  A  TAIL  ON  THE 
DERIVATIVES.  Zw,  AND  ON  THE  DAMPING 

FACTOR  R,  WIJH  A  COMPARISON  OF 
CALCULATED  R  FOR  WING  ALONE  WITH 
MEASUREMENTS  FOR  A  TAILLESS  AIRCRAFT. 


FIG.  17(b)  COMPARISON  OF  THEORETICAL  &  EXPERIMENTAL 

FOR  AVRO  707. 


FIG.  18(b)  COMPARISON  OF  THEORY  WITH  FLIGHT 
TESTS  FOR  THE  DAMPING  OF  THE  SHORT 
PERIOD  OSCILLATION  FOR  AVRO  707 
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AVRO  707  WING 


07  03  M  03 


FIG. 19.  VARIATION  OF  -TO*  WITH  MACH  NUMBER  FOR 
DIFFERENT  MEAN  INCIDENCES,  AND  RANGES  OF 
REDUCED  FREQUENCY  AS  GIVEN  BY  WING  FLOW 
EXPERIMENTS  (AXIS  POSITION  0280c  OR  0-522  Cr) 
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FIG.20.  COMPARISON  OF  THEORY  AND  WIND 
TUNNEL  TEST  RESULTS  FOR  DELTA  WING, 
A=  4,  A*  =*  45? 


FIG.  22.  VARIATION  OF  ~  WITH  MACH  NUMBER  FOR 

FAIREY  ER.  103.  -  TRANSITION  FIXED  AT  5°/o  CHORD 

BY  SPOILER. 
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FIG.  24.  VARIATION  OF  m„s>  WITH  M  FOR  TWO 
TAILLESS  DELTA  WING  CRUCIFORM  MISSILES 
AS  DETERMINED  FROM  GROUND  LAUNCHED 

ROCKET  TESTS. 
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FIG. 25.  MEASUREMENTS  OF  m.&  &  m-  ON  TWO 
DELTA  WINGS,  ASPECT  RATIOS  2  AND  4, 
OSCILLATING  ABOUT  AN  AXIS  THROUGH  THE 
MID -ROOT- CHORD  AT  SUBSONIC  SPEEDS  AND 
VARIOUS  VALUES  OF  THE  REDUCED  FREQUENCY. 
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FIG. 26.  COMPARISON  OF  WIND  TUNNEL  RESULTS  FOR 
FOUR  PLANFORMS  OSCILLATING  ABOUT  DIFFERENT 

MEAN  INCIDENCES. 


FIG.  27.  COMPARISON  OF  CALCULATED  AND 
WIND  TUNNEL  TEST  RESULTS  FOR  SWEPT  BACK 
WING,  A=3'0,  A,  =45°,  A=0-4. 


FIG.  29.  VARIATION  OF  m,£  WITH  MACH  NUMBER 
FOR  35°  SWEPT  WING  ILLUSTRATING  SCALE 
EFFECT  FOR  TRANSITION  FIXED  AND  FREE. 


f  *  \r 

LAR<SE  MODEL 


ROU^I-ENSO  leading  EOg,£  | 


FIG.  30.  VARIATION  OF  fT>-*  WITH  MACH  NUMBER 
FOR  35°  SWEPT  WING  ILLUSTRATING  SCALE 
EFFECT  FOR  TRANSITION  FIXED  AND  FREE. 
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FIG.  31®.  VARIATION  OF  WITH  MACH  NS-  FOR 
TAILLESS  SWEPT  BACK  WING  MODEL 
ILLUSTRATING  AERO  ELASTIC  EFFECTS. 


A  -2-24 

A .£ 

-63° 

X • 

-0-33 

•ft.  : 

■0*874 

v  - 

-0*704 

FIG. 31(b)  VARIATION  OF  «?>.>  WITH  MACH  NS-  FOR 
AIRCRAFT  MODEL  WITH  SWEPT  BACK  WING  AND 
UNSWEPT  TAILPLANE. 


FIG.32.  EXPERIMENTALLY  DETERMINED  IN 

TRANSONIC  SPEED  RANGE  FOR  TWO  MODELS 
HAVING  IDENTICAL  SWEPTBACK  WINGS  BUT 
TAILPLANES  Or  DIFFERENT  SIZE  AND  SHAPE. 


FIG.33(b)  CALCULATED  VARIATION  OF  771  • 
WITH  MACH  N2.  FOR  SWEPTBACK  WING 
AND  SWEPTBACK  WING  AND  TAIL  COMBINATION. 
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FIG.  34  VARIATION  OF  WITH  MACH  N^  IN 
TRANSONIC  SPEED  RANGE  FOR  STRAIGHT  WING 
TAILED  AIRCRAFT  FOR  DIFFERENT  MODEL 
CONSTRUCTION  AND  TEST  CONDITIONS. 


INERTIA  IN  PITCH  ON  THE  CHARACTERISTICS  OF 
THE  SHORT  PERIOD  PITCHING  OSCILLATIONS  Of  A 
TAILLESS  DELTA  WING  AIRCRAFT  (a*  *  45?) 


FIG.  37(b)  EFFECT  OF  ANGLE  OF  INCIDENCE 
ON  DAMPING  IN  PITCH  DERIVATIVES  FOR  AN 
OSCILLATION  AMPLITUDE  OF  2°;  =  0-567. 

(DELTA  WING  -  BODY  COMBINATION) 
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